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THE LUMINESCENCE, ABSORPTION AM 
SCATTERING OF LIGHT IN DIAMONDS: 

PART III. ABSORPTION 

Bv P G N Nayar 

(From the Department of Physics, Indian Institute of Science, Bangalore) 

Received July 3. 1941 

(Conamunicated by Sir C V Raman, Kt , f R s , N l ) 

1 Introduction 

The early work of Miller (1862) on the transparency of vanous bodies, and 
the refractive index determinations of diamonds by Peter (1923) give indi- 
cations that some diamonds are more transparent than others to ultra-violet 
light This question was the subject of an extensive investigation by 
Robertson, Fox and Martin In a paper entitled “ Two types of diamonds ” 
in the Transactions oj the Royal Society and a further communication in the 
Proceedings of the Roval Society (1936), these authors set forth evidence col- 
lected from the examination of a large number of crystals that diamonds 
fall into two distinct classes as regards their property of ultra-violet absorp- 
tion Crystals of type I, which are of more common occurrence, were found 
by them to be opaque to ultra-violet light beyond 3000 A, while crystals 
of type II, met with only rarely, were found to transmit light freely up to 
2250 A. These authors also found that in the region just preceding that of 
complete absorption, there were present a number of narrow discrete absorp- 
tion bands In the common type they reported 8 absorption bands betuwen 
3000* and 3300, while in the rare type they observed a selective absorption 
with faint unresolved bands between 2330 and 2350 

In the near ultra-violet region, Walter (1891) had investigated, the 
absorption of diamonds using sunlight as source His observations did not 
extend very far in the ultra-violet because of the use of a glass spectrograph, 
but in the violet region he found a sharp absorption hne at 4155, and evi- 
dence of A general absorption of unspecified wave-lengths on the short 
wave-length side of this hne. According to him, this band was strongest in 
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the case of a yellow specimen and weak in stones coloured red, green or 
brown However he has stated that this band at 4155 was present in all 
colourless crystals as well, of over a carat (or more properly, of sufficient 
thickness of absorbing material) In addition a very faint band at 4710 
was noted by him In the work of Robertson et aj it has been mentioned 
that only in one case were tney able to observe the absorption at 41 55, and 
because they did not notice this band in the other crystals investigated by 
them, they dismissed it as not normal to diamonds 

In two previous papers on diamond referred to as Part I and Part II 
in this paper, the author (1941) has presented evidence to the effect that an 
emission band at 4156 is of fundamental importance in the fluorescence and 
phosphorescence of diamond and that it occurs with striking variations in 
its intensity in different crystals. An absorption in this region therefore is 
of particular interest, and the conflicting results obtained by Walter and 
Robertson and others require a rc-examination Further, the wide variation 
ot intensities of fluorescence in crystals of as much as 10,000 1 in the collec- 
tion of crystals reported in Part I by the author, gives an indication that 
differences in absorption ought to be considered on the basis of the fluor- 
escence of the crystals and not in regard to their colour as had been attempted 
by Walter 

The whole question of transparency in the ultra-violet and the struc- 
ture of the absorption bands was therefore subjected to a careful investigation, 
using suitable technique The studies revealed that the earlier work was 
far from complete in regard to the number of absorption bands, and had 
completely failed to recognise the significance of absorption frequencies and 
their intensity variations in relation to the fluorescence of the crystals. The 
present paper describes the details of the new results obtained by the author 
in regard to absorption of light, while the two earlier papers referred to 
above bearing on the subject have already dealt with the emission of lig ht 
from diamonds as fluorescence and phosphorescence 

2 Transmission in the Ultra-violet 

The specimens in the collection of crystals used in this work have been 
numbered and described in a table in Part I (p 485) Therein it has been 
mentioned that some of the diamonds were in the form of flat plates of 
thicknesses varying from 76 mm upwards These plates were specially 
useful for studying the extent of transmission in the ultra-violet A water- 
cooled hydrogen discharge tube with a quartz window, running on 3(XX) 
volts 300-500 m a , provided a very intense source of continuous spectrum 
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extending to 1800 A The diamonds were fixed so as to completely cover 
small apertures in metal plates, and the light passing through the crystals 
was focussed on the slit of a Hilger medium quartz spectrograph using 
quartz lenses 

All the crystals were systematically tested and were found to belong 
to the class designated type I by Robertson, in view of the fact that free 
transmission in the ultra-violet did not extend up to 2250 Considenng 
them as type I or the common type of crystals, the results obtained are in 
agreement with the earlier work to the extent that very strong absorption 
sets m at about 3000 A, but differs in respect of the completeness of absorp- 
tion at 3000 A Actually light is found to be weakly transmitted much 
farther into the ultra-violet, up to about 2700 as could be seen by the use of 
comparatively thin sections of under 1 mm With thicker specimens of 
3 or 4 mm , the cut off at 3000 appears very sharp and gives the impression 
of total absorption 

The extent of absorption in this region is illustrated in Fig 1 (Plate I) 
where the spectra of light passing through different thicknesses, with graded 
exposures are shown With the plate of 76 mm thickness, the absorp- 
tion can be seen to extend to 2700 while in the last picture of the group, 
with a thickness of 2 35 mm , the absorption appears to be complete at 
about 3000. Several narrow bands are also present in this region and these 
are dealt with in the next section. 

3 Discrete Absorption Bands 

In the region just preceding complete absorption on the long wave-length 
side, Robertson et al had observed some narrow bands A careful examina- 
tion of the plates taken with a senes of graded exposures showed that 
similar bands were present in the region of weak transmission obtained with 
thin plates as described in the previous section Of these the first two at 
2715 and 2770 are extremely faint and are hardly noticeable in the reproduc- 
tion of the spectra The next one at 2845 is more prominent and is followed 
by two others at 2950 and 2975 The region between 3030 and 3300 is 
the one covered in detail by Robertson. Since in this region the general 
absorption is not strong, larger thicknesses could be employed with advantage. 
The fiat plates in the collection were gripped* by metal plates, and the light 
after being absorbed by the full length of the crystals (maxunum 12 mm ) 
was studied as before The bands could be recorded very strongly and a 
few representative photographs are reproduced in Fig 2 (Plate I) All the 
bands reported earher except a doubtful frequency at 3242 were confirmed, 
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and in addition it was found that three more similar bands were present at 
3340, 3383 and 3451 

The region beyond these bands towards the visible was found by 
Robertson to be free from any absorption except for a rare instance of a 
band at 4156 As mentioned already Walter’s work gives indications of 
a general absorption in this region The spectra obtained with the present 
collection of crystals showed that actually there were present a set of dis- 
crete, though, broad and diffuse bands in the region beyond 3600 up to 
4156, at which wave-length a sharp and strong band could be seen without 
difficulty in all cases These bands can be seen in Fig 2 (Plate I) Since 
the hydrogen discharge lamp has a number of lines in this region, an over-run 
tungsten filament lamp was also used for investigation of the details of these 
bands. 

These diffuse bands and the band at 4156 were remarkable in that, 
though they could be detected in every crystal, they were exceptionally strong 
in some cases This aspect of the question is dealt with in a subsequent 
section, but since the existence of these frequencies is quite general, the 
frequencies are included in the summarised table of all the observed absorp- 
tion bands given below 

A very weak and diffuse band in the visible region at 4730 correspond- 
ing to one at 4710 reported by Walter was found in two cases Both these 
crystals were coloured yellow, and in other crystals th^ could not be 
detected under the most favourable conditions of thickness of absorbing 
material and source of light This absorption is therefore considered un- 
usual and probably connected with the yellow colour, and is therefore not 
included in the table. 

The narrow bands referred to above were roughly 5 A in breadth and 
only in a few cases were they strong enough to be measured with a micro- 
meter The wave-lengths of the weak bands estimated by comparison with 
the iron-arc spectrum taken side by side are correct to only 5 A, and the 
values are in reasonable agreement with available earher values which are 
also given in the table The diffuse bands on the other hand extend over 
20 to 30 A and the wave-lengths of the intensity peaks are of lesser accuracy. 
Since all the bands could not be recorded in one and the same picture, it 
was not possible to arrive at a reliable estimate of the relative intensity of the 
bands Moreover, the relative intensity of different regions was found to 
be variable in different crystals and the relative intensities indicated in 
Table I are valid only in respect of neighbouring hnes. 
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Table I 

Visible and Ultra-violet Absorption Frequencies in Diamond 


Walter * 

Robertson 

etal 


Author 

T 



— 180*^0 

25®C 

25‘’C 

AU. j 

Hi 

AU, 

AU* 

cm,’^ 




2715(vf) 

36820 




2770(vf) 

36090 




2845 (m ) 

35140 




2950(f) 

33890 




2975 (vf) 

33600 


3037 i 


3030 (m.) 

32990 


3067 


3060 (m) 

32670 


(3085)* 

3070 

3075(f) 

32510 


3157 

3154 

3157 (s) 

31670 


3179 

3172 

3175 (m) 

31490 


3204 

3200 

3205 (m ) 

31190 


3242* 





3302 

3300 

3306 (m ) 

30240 




3340(f) 

29930 



3380 

3383 (m ) 

29550 



3450 

3451 (m) 

28970 



1 (3680) 

3680*(vfd) 

(27170) 



3750 

3760 (m) 

26590 

General absorp- 





tion 


3840 

3850 (m ) 

25970 



3950 

3950 (m ) 

25310 



4040 

4041 (m) 

24740 

4155 


4153 

4156 (ssh) 

24054 


*Vety faint ftequencies found only at liquid air temperature In the table brackets indicate 
extremely faint frequencies whose measurements ate uncertain The sharpness and intensity are 
represented by the following abbreviations t—vS,, very famt , f , faint ; m , medium , s , strong , 
p., dlflUae ; and ah., aharp. 
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4 Ji^uence of Temperature 

The effect of temperature on the absorption bands was studied at a low 
temperature by cooling the crystal with liquid air, and at higher tempera* 
tures up to 300° For this purpose a crystal of suitable size was set in a 
copper rod, which was cooled down by immersion in hquid air. To prevent 
ice formation on the crystal during exposure, the end holding the crystal 
was enclosed by a long glass tube with quartz windows For higher tempera* 
tures the rod was heated electrically and the temperature reached by the 
crystal was measured by a thermo-couple 

The general effect of cooling the crystal is to increase the absorption 
in the whole region The bands become considerably sharper at hquid air 
temperature and shift towards the ultra-violet to the extent indicated in 
Table I The diffuse bands in the region between 3000 and 4000 become 
sharper at the edges and show the structure of the individual bands, the 
changes being quite parallel to the behaviour of the corresponding fluor- 
escence bands. 

The investigations were limited to only one thickness of crystal and the 
entire region could not be investigated by the use of different absorbing 
thicknesses as was possible at room temperature The low temperature 
pictures were mainly helpful in conflrmmg the presence of the diffuse band 
at 3680 and showing the flner details of the other diffuse bands 

The first two pictures m Fig 3 (Plate II) show the spectra taken at room 
temperature and at liquid air temperature, side by side, using a Hartmann 
diaphragm with the same exposure time The general increase of absorp- 
tion and the shift of the bands can be seen therem The third picture is 
also at liquid air temperature, but with a greater exposure to brmg out the 
bands which are not clear in the other picture. 

At high temperatures the bands lose their sharpness and intensity, and 
at 300° no sign of the discrete bands could be observed in any region The 
behaviour of the 4156 band in absorption when the temperature is raised 
in small steps is illustrated in Fig 4 (Plate II) and shows the shift and 
unsymmetncal diffusion of the band wluch is parallel to the behaviour of 
this band in fluorescence described in Part I 

5. Absorption Intensity in Relation to Fluorescence 

The fact that the absorption band at 4156 is identical in wave-length 
with the principal fluorescent band suggests naturally that a basis for the 
variation of intensity of this absorption band indicated earher, is to be 
sought for in the difference in fluorescence of the crystals. It was .seen from 
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the spectra of the crystals in the collection, that considering nearly equal 
thicknesses of crystals employed, the specimens showing strong fluorescence 
also showed strong absorption at 4156 This is clearly illustrated in the 
case of the spectra of Di and Dg taken with nearly equal absorbing thick* 
nesses These two diamonds have been compared quantitatively in respect 
of their fluorescence intensities in Part I, where it has been shown that Dg 
is about 100 times stronger than Di in fluorescence In Fig 5 (Plate III) 
where the absorption spectra are reproduced, it can be seen at once that Dg 
shows considerable absorption at 4156 while in the case of Di the intensity is 
negligible The diffuse absorption bands also behave in exactly the same 
way as the 4156 band, showing strong absorption or weak absorption accord- 
ing as the crystal is highly fluorescent or weakly fluorescent 

The group of sharp bands at the other extreme of ultra-violet trans- 
mission of which the one at 3157 is the strongest, behave m a different fashion 
from the above A careful examination of the spectra of all the diamonds 
showed that though these bands are not affected to the same extent as the 
diffuse bands, there is a deflnite dependence of the sharpness and 
intensity of these on the fluorescence but in the opposite direction. The 
absorption spectra of the strongly fluorescent Dg and weakly fluorescent Dj 
with nearly the same thickness already referred to in Fig 5, show that the 
narrow bands are a little more diffuse and fainter in the strongly fluorescent 
specimen In the crystal D, which showed the strongest fluorescence and 
phosphorescence in the whole collection, a special search failed to reveal 
these bands with anything of their usual intensity and sharpness Even at 
liquid air temperature where the bands increase in strength and sharpness 
only the vaguest indication of their presence was seen in the plates, 
showing that the factor which gives high fluorescence intensity has also a 
tendency to suppress these absorption bands 

The group of hnes between 3300 to 3450 however were seen in all the 
pictures with a slightly higher intensity in fluorescent crystals, but appeared 
to be more diffuse in such cases 

The position regarding the influence of the fluorescing power of the 
crystals on absorption can therefore be summed upas follows* The band 
at 4156 and the diffuse bands are directly correlated in intensity with fluor- 
escence being strongest in the case of the most highly fluorescent crystals 
and weakest in the case where the fluorescence is negligible The sharp 
band in the ultra-violet at 3157 and the neighbouring bands however are 
influenced in the opposite way, but to a lesser extent, being sharp and strong 
ivlth weakly fluorescent crystals and fainter and more diffuse with highly 
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.fluorescent specimens. The intermediate bands between 3300 to 3450 be- 
come slightly more diffuse when the fluorescence is very strong but the 
intensity appears to be a httle more in such cases The failure of Robertson 
et al to observe absorption on the long wave-length side of 3306 is intelligible 
when It is remembered that they specifically mention in their paper that 
the diamonds used by them were, as they supposed, free from fluorescence 
In such cases of extremely weak fluorescence, these bands beyond 3300 can 
be detected only by using thick absorption layers But there is no doubt 
that these frequencies appear in all diamonds and the behaviour as regards 
intensity is parallel to that of the fluorescence intensity. 

Anomalous dispersion in the region of absorption — Since the highly 
fluorescent crystals exhibit very strong absorption at 4156, an attempt was 
made to study the dispersion in this region to see whether the crystal would 
show the so-called anomalous dispersion in the region of absorption The 
well-known technique of crossed spectra was made use of for tlus purpose 
Using a prismatic edge of a fluorescent diamond, the spectrum of a distant 
source of white light was thrown on the slit of a spectrograph The diamond 
dispersed the light vertically along the slit, while the spectrograph pnsm 
dispersed it honzontaliy Some slight evidence of an effect of anomalous 
dispersion was observed, but could not be considered conclusive owmg to 
the imperfection of the dispersing edge of the diamond An investigation 
with proper material would be worthwhile as it might be possible to esti- 
mate the number of dispersion electrons on the lines of the familiar experi- 
ments on sodium vapour and hydrogen. It is hoped to take up this question 
later. 

6. Relation of Absorption to Fluorescence 

The absorption and fluorescence frequencies coinade exactly at 4156. 
On looking at the diffuse absorption band system it is apparent that it 
appears symmetncal in its distribution about the 4156 band to the fluor- 
escent bands on the long wave-length side That such is the case is found 
on putting down the differences in frequencies from the 4156 band, when it 
IS seen that every band in fluorescence has a correspondmg absorption band 
in the ultra-violet displaced from 4156 by the same wave-number shift. la 
Table II below, the room temperature values of the frequencies in both 
absorption and fluorescence are given side by side with theu: differences 
from the principal band. The fluorescent bands are numbered as m Part I. 
In connection with the principal fluorescent bands given in Table II, 
it should be remarked that the finer details of each of these bands are 
reproduced also in absorption. Proceeding from the principal line at 4156 



Lumintseemet AbsorptioHy Scetittrmgof Light in Dtamendf^JII ^ 9 

* 

Table II 

Fluorescence and Absorption Frequencies tn Wave-inanbers (room temp.) 


Band Ho* 

Fluorescence 

Difference 

Absorption 

cm”' 

Difference 

1 

24050 sharp 

• 

24050 sharp 

e 

11 

23520 edge 

630 

24580 edge 

sso 


23370 peak 

$$0 

24740 peak 

690 

III 

22790 peak 

iseo 

25310 peak 

1200 


22700 edge 

1860 

25410 edge 

1300 

IV 

22150 

1200 

25970 

1980 

V 

21530 

f 

8620 

26590 

2540 


i 

1 


(27170) 

(.8100) 


(240S0 cm the second band in fluorescence starts with a somewhat sharp 
edge and the corresponding band in absorption has likewise a sharp edge 
The third band is narrow compared with the second and has a double 
structure which is reproduced exactly in absorption The remaining bands 
get progressively diffuse but within the limit of uncertainty mvolved in the 
measurements of the peaks, the wave-number shifts are identical. The last 
absorption band at approximately 3680 A, corresponds to the region of 
continuous spectrum in fluorescence m which there is a perceptible concen- 
tration of intensity between 4800 and 4900 A 

The faint intermediate bands in fluorescence also have absorptions in 
their corresponding places They are not included in Table II since the 
measurements were found to be too difficult to penmt of any accuracy. 

The remarkable mirror-image symmetry of the system of absorption 
and fluorescence bands seen from the above table, is brought out in a strik- 
ing way by photographing the fluorescence and absorption side by side 
using a Hartmann diaphragm Such a picture is reproduced in Fig 6 
(Plate III) Since this was taken with a glass spectrograph, the extreme 
ultra-violet bands are not included, but the exact comcidence of the emis- 
sion and absorption bands at 4156, and the symmetncal distribution of the 
bands about this frequency are very well brought out The higher dis- 
persion in the ultra-violet exaggerates the displacements on that side; a 
representation of these bands on a wave-number scale is therefore given 
aho in a chart of frequencies, elsewhere. The second picture shows the 
effect of raising the temperature to 180°. The absorption band at 4156 
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broadens and shifts corresponding to the broadening and shift of the 
fluorescent band. The bands on the whole get difliise, but the mirror- 
image symmetry continues to be preserved. 

7 Relation to Infra-red Frequencies 

The frequency dilferences of the bands from the 4156 band found in 
both fluorescence and absorption in the last section come out as 690, 1260, 
1920, 2540 and the last one approximately 3100 A search for the possible 
meamng of these figures showed that they bear a rough correspondence to 
certain infra-red frequencies found in diamond earlier by Robertson and 
others Their work in this field is therefore worth a close examination. 

The absorption by diamond in the infra-red had been investigated by 
Angstrom (1892), Julius (1893) and Reinkober (1911). The conflictmg results 
obtained by the different authors especially in regard to absorption in the 
Sfi region led Robertson, Fox and Martin to make a detailed search for 
the absorption frequencies with a number of diamonds These authors 
were able to confirm the presence of bands reported earher m the regions 
3fi, 4 1/4, 4 8ju and S/t The last mentioned band was remarkable, 'ac- 
cording to them, in its complete absence in some cases, and they were able 
to show that such crystals belonged to the type which is transparent to 
ultra-violet between 3000 and 2250 

The mam difference between Remkober’s results and that of Robertson 
is the absence of any strong absorption in the 8/4 region in the former’s 
work Robertson obtained an absorption of roughly 95% (neglecting loss 
due to reflexion) with a thickness of 1 08 mm while Reinkober’s curve shows 
only minor fluctuations in this region of free transmission (about 70%) 
found by him, with a thickness of 1 26 mm This is satisfactorily explained 
by Robertson as due to Reinkober’s diamond being of the transparent type, 
as the 8 n band had been observed previously by Julius and Angstrom. 

Another notable difference was a sharp fall of about 7% at 14/4 in 
a region of 70% transmission noted by Reinkober which was not observed 
by Robertson 

In the chart on page 12 giving the energy levels in both absorption 
and emission, these infra-red frequencies are shown on the left hand side 
in wave-numbers, starung from the 4156 band The bands have a number 
of subsidiary peaks which are shown by thick Imes in the diagr am. 

Since all the crystals dealt with in this work are opaque to ultra-violet 
light beyond 3000, it is assumed that these crystals are m the class which 
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have an absorption at 8/t Reinkober’s frequency at 14 /x is included since 
It fits in with the other results 

Since the diagram is on a wave-number scale a rough correspondence 
between the infra-red frequencies and the frequency differences of the ultra- 
violet bands is apparent. Neglecting the details of the diffuse bands, the 
mean wave-numbers given on the left hand side of the diagram agree 
approximately with the wave-number differences marked on the right hand 
side. These figures are collected together in the Table below : 


Table III 


Frequency difference from 
4156 band 

Infra*red frequency 

Absorption 

Fluorescence 

fi90 

680 

710 

1260 

1260 

1290 

1920 

1900 

2040 

2540 

2520 

2480 

(3100) 


(3500) 


All the bands are broad and diffuse, and the widths of the bands are 
sufficient to accommodate the discrepancy Even considering this factor. 
It IS not safe to presume that the agreement is exact, but the band to band 
correspondence of the fluorescence and absorption frequency differences on 
the one hand and the infra-red frequencies on the other, cannot possibly be 
accidental It is therefore reasonable to assume that these infra-red energies of 
undetermined origin found in diamond are of significance in fluorescence also. 

8, Explanation of the Mirror-tmage Symmetry of Absorption and 

Fluorescence 

The chart in Text-fig. 1 summarises the results of the spectroscopically 
determined energy levels in diamond From what has been described in 
the previous pages, it follows naturally that 4156 and the system of diffuse 
bands belong to a category different from the sharp bands. The latter 
bands are due to the levels in the crystal as a whole, as they have been 
observed in all crystals by Robertson and co-workers, as well as by the 
present author, irrespective of the fluorescence of the crystals which influ- 
ences them only in a secondary way. 
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The 4156 band is directly related to the fluorescence and arises from 
the principal electronic transition associated with fluorescence The probable 
origin of the active centre responsible for this is discussed in a subsequent 
section, but taking the 4156 band as the pnnapal transition, it is to be 
considered how the symmetry pattern of absorption and fluorescence can 
be explained. 
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The scheme of energy levels that can give nse to such a pattern can 
be illustrated by the usual type of energy level diagram shown m Text-fig. 2. 
The principal hne with frequency 240S0 cm (A=^ 41 56) arises from a transi- 
tion between an erergy level E and a higher level £', and can occur either 


Vibrational 

levels 


Vibrational 

levels 



as an absorption or emission band of the same frequency Associated with 
both levels we have further levels of the order of vibration frequencies 
Transitions from the ground state of the lower level to the various upper 
levels would give rise to the system of absorption bands at 4156 and on 
the ultra-violet side of that band But in emission, the transitions take 
place only from the ground state of the higher level E' as is seen from the 
fact that there are no emission lines on the short wave-length side of 4156. 
A satisfactory explanation, why jumps from the excited states of the higher 
level are not found can be had, if it is remembered that the absorption and 
emission process is confined to certain localised centres As has been shown 
before, the higher vibrational levels are identical or nearly identical with 
the infra-red levels of the lattice, and because of this, it is reasonable to 
suppose that the energy after absorption is taken up instantaneously by the 
whole lattice The active centre therefore, by the time it radiates, will be 
in the ground state of the higher level, and transitions involving higher 
frequencies than 24050 are not possible. In falling back, the quantum 
excites the vibrational levels of the lower state and gives rise to fluorescence 
of the same frequency pr lower frequencies 

The relation of the absorption spectrum to that of fluorescence varies 
greatly in different substances. In alkah hahde phosphors which have been 
very thoroughly investigated, the emission consists of narrow kne-Uke bands 
in the visible and in the near ultra-violet, while the absraption which gives 
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nse to these lines, occurs very much farther in the ultra-violet in a number 
of comparatively broad bands With uranyl salts, the absorption and emis- 
sion spectra consisting of a number of narrow peaks of somewhat sym- 
metrical pattern, overlap to some extent, showing the existence of transitions 
from excited levels of the higher state in emission In chrome-activated 
phosphors the principal lines coincide in absorption and emission, but in 
general there is an overlapping of the absorption and emission spectra on 
the short-wave-length side of the principal hnes This is also true with 
respect to the great number of substances which give broad and diffuse 
spectra in luminescence and absorption 

In the coincidence of the principal frequency and the perfectly sym- 
metrical distribution of combinational frequencies in absorption and fluor- 
escence about the principal line, the case of diamond appears to be in a 
class by itself 

9 Probable Origin of Fluorescence in Diamonds 

In looking for the origin of fluorescence in a substance the question of 
impurities in the sense of foreign atoms has to be considered first The 
problem is one of difficulty since a concentration of impurity much smaller 
than what can be detected chemically can give nse to considerable lumin- 
escence effects. The evidence therefore has to be mainly spectroscopic, and is 
further complicated because the emission of the free atom isaltered in frequency 
when imbedded in the lattice and hnes due to transitions forbidden by 
selection rules in the free atom also are capable of making their appearance. 
So far, the successful detection of impurities in certain crystals has been 
made by the deliberate addition of impurities and identifying the spectrum 
with that in the unknown case Obviously such a procedure is not possible 
with diamond and we have to be guided by information from other sources. 

The chemically detected impurities in diamond, which occur in general 
as visible inclusions, are iron, titanium, magnesia, silica, and very often, 
graphite spots There is no reason to suppose that any of the above 
elements can give rise to a single sharp line at 4156 Walter was led to 
suggest samarium as an impurity because rare earth salts are known to give 
sharp hnes in fluorescence and absorption The spectrum of samarium is 
now very well known, in absorption (Spedding, 1932) and in emission in 
its pure state as well as when it occurs ss an impunty responsible for 
fluorescence (Pringshein, 1928 ; Randall, 1938). There is definitely no rela- 
tion between the spectrum of samarium occurring as sharp hnes between 5600 
and 6500 and the fluorescent spectrum of diamond, nor could any re- 
semblance be found to the spectra of other probable rare-earth elements. 
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It IS now a widely recognised fact that the presence of foreign atoms is 
not a necessary condition for fluorescence, but that the atoms of the crystals 
themselves might, under certain circumstances, behave as active centres. 
Such conditions occur when there are interstitial atoms between fully occu- 
pied positions in the lattice, vacant positions and distortions of the lattice, 
or when electrons are transferred from one atom of the lattice to another. 
Disturbances of these types are definite possibihties m diamond considering 
the formation of the crystals at high temperature and pressure Imperfect 
crystallisation is very common, the so-called “black diamonds” forming 
a gradation of imperfectly formed crystals ranging in hardness and density 
from those of diamond to those of graphite One of the important results 
described in Part I was the fact that fluorescence in different crystals can 
vary to an enormous extent but that the 4156 band was present in all cases 
The strength of this band, whether found in fluorescence or absorption was 
also shown to be entirely independent of the colour or visible inclusions in 
the crystals. It is therefore thought extremely improbable that any im- 
purity, unless It be carbon itself, could be present in all crystals and by its 
variations of concentration give rise to the extreme differences found be- 
tween the specimens On the other hand, in view of the evidence for 
imperfect crystallisation, the wide variation of intensities can be satis- 
factorily accounted for on the supposition that lattice defects of the type 
indicated earlier are present in varying degrees in different diamonds 

10 Absorption in Relation to Electronic Structure 

The electronic levels in crystals have in recent years been worked out 
in a few cases on the band theory of sohds The discrete levels in free 
atoms become spread out into bands when the atoms are bound together 
by crystalline forces and phenomena like absorption, conductivity and 
luminescence can be explained in a general way according to the filhng by 
electrons of various energy bands In connection with the investigation 
described in this paper, it is necessary to draw attention to a calculation 
of the energy states of diamond made by Kimball (1935), which seems to 
have been accepted as correct, at least as far as it apphes to the ideal diamond 
lattice Accordmg to this author the 2 s and 2 p levels of the carbon atom 
become spread out into broad bands in diamond, of which, the lower level 
is completely filled. The scheme of levels given by Kimball does not show 
any possibility of absorption of light in diamond, as the transition from 
the lower filled band to the band lying above it would require more energy 
than the ionisation potential of carbon That the experimental facts are 
entirely otherwise has been shown in the course of this paper Actually 
there is strong absorption up to 3000 A in the ultra-violet and numerous 



dSscMte bands in one type of diamond, and in aftofluar typCt aocor^l^ t® 
Robertson, absorption in the region of 2250 A These observations can onty 
be explained by assuming that diamonds do not conform to the geometrically 
ideal structure, but that there are certain well-defined types of lattice disturb* 
ances which bring about a modification of the electronic levels BetW'een 
the 2 j and 2 p bands as present in the ideal lattice, the existence of subsidiary 
levels of the order of 3 to 4 e v are definitely indicated, and it is hoped that 
the experimental values will be of help in making a recalculation of the 
energy states 

It IS necessary to stress that imperfections of a very shght nature are 
sufficient to bring about such changes The alkali halide crystals are instruc- 
tive examples of how slight disturbances of the lattice give nse to new inter- 
mediate levels These crystals are normally completely transparent to the 
entire visible and ultra-violet up to the Schumann region, but lattice imper- 
fections deliberately brought about by suitable heat treatment causes entirely 
new absorptions to appear 

Information already available from other sources like light-scattering, 
infra-red and X-ray structure also support these ideas It is proposed to 
discuss these results with further experimental observations later on 

The author is thankful to Prof Sir C V Raman for the loan of the 
crystals and for helpful advice and suggestions in this work 

11 Summary 

This paper deals with the absorption of light by diamonds in the 
visible and ultra-violet regions, and is to be regarded as a continuation 
of earlier investigations on luminescence having a direct bearing on the 
results of this paper 

The absorption in the ultra-violet in all the crystals was found to be 
almost complete at about 3000 A, but a weak transmission was observed 
up to 2700 A The spectrum shows narrow line-like bands extending from 
2700 to 3400 together with a system of diffuse bands extending from 3600 
to longer wave-lengths terminating in a sharp and intense band at 4156 

All the bands were found to sharpen and shift towards the ultra-violet 
at low temperatures At higher temperatures they become progressively 
diffuse and practically disappear at 300° 

In the region of narrow bands, several new frequencies have been 
found in addition to those reported earho- by Robertson, Fox and Martiiti 
The factor which is responsible for strong fluorescence in some mystds 
is found to have a tendency to suppress the narrow bands 
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The diffuse band system was found to be directly related in intensity 
to fluorescence, being intense in strongly fluorescent crystals and vice-versa 
The absorption and fluorescence frequencies coincide exactly at 4156, and 
the other diffuse bands are distributed with perfect mirror-image symmetry 
about this line, with absorption on the short wave-length side and fluor- 
escence on the long wave-length side 

The wave-number differences of the absorption and fluorescent bands 
from 4156 were found to be nearly equal in frequency to the weak infra-red 
absorptions known to be exhibited by diamonds 

The symmetrical pattern of absorption and fluorescence is explained 
by considering 4156 as the principal electronic transition of the active centre 
in diamond luminescence, and the diffuse band system as arising out of com- 
binations with lattice vibration frequencies The absence of overlapping of 
emission and absorption spectra except at ^156 is explained as due to the 
fact that higher vibrational energies arc instantaneously taken up by the 
entire lattice 

The probable origin of the sharp band at 4156 is discussed with reference 
to possible impurities and it is suggested on the basis of the available 
evidence that local imperfections of the lattice are responsible for the active 
centres. 

The features of the absorption in diamond observed by the author 
and earlier workers are shown to be inconsistent with the electronic energy 
levels obtained from the theoretical calculations of Kimball This is pointed 
out as showing that crystals do not actually conform to the ideal lattice, 
and that a certain secondary structure brings about new intermediate levels. 
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THE CONDENSATION OF ALDEHYDES 
WITH AMIDES 

Part VII The Condensation of Piperonal 
By Kantilal C Pandya and P George Varghese 

{Chemistry Laboratory, St John's College, Agra) 

Received May 6, 1941 

The condensations of several aromatic aldehydes with about five of the 
common acid amides have already been reported with certain peculiarities 
of each Thus the condensations of salicylaldehyde (SodhP) showed the 
great effect of a trace of pyridine m the condensations, as not only did it 
give larger yields than what were obtained by other methods, but so far the 
yields from salicylaldehyde have been the highest produced from any other 
aldehyde, being often almost quantitative The condensations of m-hydroxy- 
benzaldehyde (Mehra*) with the same amides present a sharp contrast, as the 
organic base did not materially increase — it even caused some resin-formation 
— and the yields were uniformly poor and were actually nil with formamide 
and acetamide In the case of p'hydroxy-benzaldehyde (Manzur'), the yields 
again increased, being very nearly as good as those obtained from salicyl- 
aldehyde, pyridine again playing some part, though not as great, in mcreasing 
the yields All the products from these three sources were, however, qmte 
similar, chemically and physically physically they looked like ‘organic 
glass’, did not always give a good melting-point, though they analysed well, 
had a very limited solubility in the ordinary organic solvents and were more 
or less coloured Chemically they were aU of the benzylidene-mono-amide 
type, instantly decolorising Baeyer’s reagent and bromine in solution, and 
giving characteristic colorations with concentrated sulphuric, and, often, 
with concentrated hydrochloric acid 

When next the methyl ethers of the three aldehydes were submitted to 
condensations with the same amides, there was a considerable difference, 
both in the nature and in the quantity of the condensation-products Forma- 
mide did not condense with any of the three, and the other amides gave in 
all cases products that were saturated, that were of the benzylidene-fitf-amide 
type, which crystallised and melted well, and the yields of which were either 
unaffected or unfavourably affected, by the presence of an organic base. 
The yields, though not bad, never exceeded 60% of theory (Mehra*). 

18 



The Condensation of Aldehydes with Amides— Ult 10 

It became a matter of interest to find out how piperonal would behave, 
because it is also a derivative of a dehydroxy-aldehyde, but with the two 
hydroxy groups replaced by one methylene-dioxy group instead of the two 
methoxy groups 

The condensations of piperonal with amides have not been met with 
in literature, and in this paper arc presented the results of the condensations 
of piperonal with eight different amides The products obtained are in a 
line with those obtained from the three methoxy-benzaldehydes, i e , they 
are all of the benzylidenc-hu-amide type, all well-crystallysable high-melting 
substances, almost all colourless, and came out best when piperonal and the 
amide were heated ftlone, without pyridine Here also formamide did not 
condense, though a variety of different conditions were tried The yields 
were on the whole good the lowest was 38% (with propionamide) and 
the highest 77% (with heptamide) 

In the first condensation, different conditions have been tried, while in 
the case of the succeeding ones only the more promising conditions have 
been applied 

On the whole the aldehyde-amide condensations offer certain interestmg 
but obvious contrasts in results as well as in the influence of the substituent 
groups with the aldehyde-malonic acid condensations that have been already 
reported in several parts ^ 

Experbnental 


Condensation with Benzarmde — 

(i) Without any Condensing Agent — (i) 1 5 g piperonal pure and 1 21 g. 
benzamide (1/ 100th mol each) were taken in a round-bottomed flask of 
about 50 c c capacity, well mixed and heated on the water-bath for three 
hours without a condenser The whole mass melted to a chocolate-coloured 
liquid and some water-vapours were given out It was then allowed to cool 
overnight , the solid mass was washed next morning with alcohol to remove 
the unreacted aldehyde and amide, and the white residue left was found to 
melt at 214® C to a brownish liquid This melting-point, which was so 
much higher than that of the amide or of the aldehyde, indicated that it was 
a condensation-product On recrystalhsation from alcohol, the m p rose to 
221® The yield was poor. 

(ii) The same experiment was repeated but the heating was contmued 
a little longer (five hours), the crude product melted at 215® and the yield 
was 1 *4 g The product had solidified dunng the heating 
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(iii) The heating temperature was now 1 10-20® (oil-bath) The crude 
product was much cleaner, melted at 220°, melted after recrystallisation at 
222°, and weighed 1 5 g 

(iv) The oil-bath temperature was kept at 130-40° C., but this made 
the product reddish, gave a lower melting-point 216° (crude) and decreased 
the yield to 1 2 g 

(v) The molecular proportions were now 1 2 mol , le , ] 5 g of the 
aldehyde and 2 42 g of the amide were used The heating at water-bath 
temperature was continued for hvc hours The yield was poor, only 1 1 g 
Much of the benzamide remained unacted 

(vi) The same quantities were heated on the oil-bath at 125-30° for six 
hours, and the yield increased to 2 4 g , which is 64 17% of the theoretical. 
This was the best yield obtained 

(«■) In the Presence of Various Condensing Agents — 1 5 g of piperonal, 
1 21 g of benzamide and 0 1 c c of pyridine (1 10 12 mol ) were heated 
on the water-bath for five hours The reacting mass did not resolidify 
during the heating, but was found sohd next morning The crude product 
was very impure (m p 203°) and the yield only 0 4 g 

When fused sodium acetate was tried (according to the method of 
Cebnan,*-’ and Titherley and Marples) in 1 1 1 mol proportions, under the 
same conditions as above, the product was very much coloured, melted 
(crude) at 205°, (purified) at 221°, but weighed only 0 1 g 

Acetic acid was tried as the condensing agent (according to the method 
of Noyes*), the substances being in the proportion of 1 1 0 2 mol , the heat- 
ing being for five hours on water-bath The yield was 0*8 g 

The condensation-product after purification came out as colourless 
micro-crystals, needle-shaped, and melting at 222° It was also soluble in 
acetone from which it could also be crystaUised, though alcohol is a much 
more suitable solvent It is only shghtly soluble in the ordinary orgamc 
solvents like benzene, ether and chloroform. It did not decolorise Baeyer’s 
reagent nor bromine m chloroform It gave a yellow coloration with con- 
centrated sulphuric acid, which on a gradual addition of water produced 
a violet ring, and the whole solution became deep brown on shaking. 

Nitrogen, found 7 34%, 7*48%, pipcronyl-fiw-benzamidc, C„Hu 04 N, 
requires 7 48% the corresponding monoamide requires 5 53% 

About 1 g of the bisamide and about 15 cc of 2N sulphuric acid 
were refluxed in a flask for about one hour. The solution was filtered hot 
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and gave on cooling, crystals of benzanude, identified by the melting-point. 
Piperonal was identifiable by its charactenstic fragrant smell. 

Condensation with Acetamide — 

3 g piperonal and 2 4 g acetamide (1 ' 2 mol ) were heated as usual on 
a water-bath for five hours The reacting mass melted to a chocolate- 
coloured hquid but solidified to a cake after 3 5 hours’ heating The usual 
treatment gave a white crystalline product m p 229° (crude), 235° (recrystal- 
lised). The yield was poor 

The same experiment was repeated at 120° (oil-bath), and produced an 
yield of 0'8g 

As a good deal of acetamide had sublimed away during these two 
experiments, in the third experiment an air-condenser was attached to the 
flask in which the two were being heated, and the heating was carried on for 
SIX hours at 120-25° (oil-bath) The crude product melted at 234° yield 
2 1 g or 42% of theory. 

When, in another experiment, the heating was for only 30 minutes and 
by means of a low free flame, the reacting mass resinified and was mixed with 
a lot of tarry matter, from which nothing useful could be extracted. Higher 
temperatures are clearly detrimental 

The product crystallised out from hot alcohol in white long silky needles, 
melting at 237-38° It was more soluble in hot alcohol than the corres- 
ponding benzamide condensation-product All the other properties of this 
were identical with those of the latter, only with strong sulphuric acid 
It gave a deep colour after some time, and on the addition of water, it gave 
a violet ring which changed to a violet solution on shaking 

Nitrogen found 11 17%, piperonyl-hu-acetamide Cj 2 Hi 404 Nt requires 
11 20%. the mono-compound requires 7 33% 

Condensation with Propionamide — 

1 *5 g piperonal and 0 73 g of propionamide (1 1 mol ) were heated on 
water-bath as before for four hours. The mixture first melted and then set 
to a hard mass The white product taken out of it as usual melted at 223° 
The yield was very poor 

The reacting proportions were then changed to 1 2 mol. 1 5g 
piperonal and 1 46 g propionamide were heated on a water-bath for ten 
hours. The product weighed 1 0 g , melting at 225° (recrystalhsed from 
hot alcohol) 
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The same amounts as in the second expieriment were heated at 120-25° 
(oil-bath), but the product taken out weighed 1 0 g. only * this was the highest 
yield, equal to 36% of theory 

In another experiment the same amounts were heated m the same way, 
but for 10 hours the yield did not improve, as it was 0 9 g Its colour also 
was an indication of impurity 

The product was easier to recrystallise from hot alcohol than the two 
earlier products white silky needles, m p 225° Its other properties were 
similar to those of the two preceding compounds only with strong sulphuric 
acid It gave a pale yellow colour which changed to green on standing On 
the addition of water, the usual violet ring was formed at the inter-surface 
of the two liquids, but this on shaking coloured the whole solution violet, 
and then immediately black 

Nitrogen, found 10 12%; piperonyl-bis-propionamide Q 4 H„ 04 N, 
reqmres 10 07% : the mono-amide requires 6 83 % 

Condensation with Formamide — 

(i) 3 Og piperonal and 1 8g formamide (1 2 mol) were heated 
in a flask fitted with an air-condenser for five hours over a water-bath The 
mixture remained in the liquid condition all through At the end, it was 
cooled and added to a large quantity of water, when only piperonal 
separated out 

(ii) The same quantities were taken, but the heating was done for ten 
hours on an oil-bath at 130° The mixture remained a liquid, and when a 
test portion was taken out and poured into water, only piperonal was 
obtained The remaining portion was then heated again for another five 
hours at 150°. The mass had however resmified and nothmg could be 
separated from it 

(ill) 1 5 g piperonal, 0 9 g formamide and 0 1 c c pyndine (1*2 0* 12 
mol ) were heated together at 130° for five hours At the end, most of the 
piperonal was recovered when the mixture was poured into water 

It was evident that neither temperature nor pyridine induced the 
condensation in this case. 

Condensation with Phenylacetamide — 

(i) 1 5 g piperonal and 2 7 g phenylacetamide were heated together 
for five hours on a water-bath (1*2 moles ) After about two hours the 
molten mass set to a hard mass Washed with alcohol at the end, the yield 
was poor, the crude product melted at 219°, and the purified one at 234°. 
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(y) The heating was done at 120-25® in an oil-bath for five hours The 
crude product melted at 220® and weighed 2 0 g (about 50% yield) 

(m) The temperature was now 125-30°, all other conditions being the 
same as in (u) The product weighed 2 2 g or 54 7% yield, and melted 
at 220°. 

When taken out from hot alcohol, piperonyl-hu-phenylacetamide came 
out in very small colourless needles, melting at 224® It was less soluble 
in the organic solvents than the products obtained from acetamide and 
propionamide it was very little soluble in benzene, ether, etc. 

It had no effect on Baeyer’s reagent or on bromine in carbon tetra- 
chloride It gave a yellow colour with concentrated sulphuric acid, which 
deepened on standing and changed to brown on the addition of water a 
violet ring was formed at the interface of the two liquids, while the solution 
became deep brown when shaken 

Nitrogen, found--? 19% piperonyl-h/j-phenylacetamide Cj 4 H 2 tO«Nj 
requires 6*97%, the mono-formula would require 5 24%. 

Condensation with Cmnamamtde— 

The cinnamamide (prepared in the laboratory from cinnamic acid, and 
melting at 147°) 2 94 g and piperonal 1 5 g (1 2 mol ) were heated together 
at 120° (oil-bath) for six hours The product was extracted with alcohol. 
The crude piperonyl-hwcinnamamide melted at 238° When crystallised 
several times from alcohol, and then three times from pyridine it melted 
finally at 248° It weighed 3 5 g , te , was 81 9% of theory The white 
silky needles gave a deep yellow colouration with concentrated sulphuric 
acid 

Nitrogen, found. 6 65%, the his-cinnamamide C2,H220«Nj requires 
6 57% 

Condensation with n-Butyramide — 

l*5g piperonal was heated with 1 74g n-butyramide in an oil-bath 
at 115-20° for seven hours The reacting mass had sobdified after about 
3 5 hours and the heating was stopped after another 3 5 hours The product 
taken out in the usual way came out in white needle crystals (hot alcohol) 
melting at 208°. Yield =» l*7g or 55 6% of the theoretical It also gave 
a yellow coloration with strong sulphuric acid. 

Nitrogen, found • 9 40%; the pipcronyl-hw-butyramide C,,Hm 04 N, 
reqmres 9*15%. 
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Condensation with n-Heptamde — 

0‘7Sg. piperonal and 1 29 g n-heptamide (1*2 mol) were heated at 
115-20° for seven hours The mass winch was hquid for three hours set 
m to a solid afterwards The product, long white crystals (hot alcohol) 
melted at 163° and weighed 1 5g The yield was thus= 76 9% of theory 

Nitrogen, found . 7 67% the piperonyl-6<.r-heptamide reqmres 7 18%. 

Summary 

Piperonal condenses best when heated without any other condensing 
reagent, with seven of the common amides, giving characteristic piperonyl- 
huamides. It does not condense with formamide 
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THE CONDENSATION OF ALDEHYDES 
WITH AMIDES 

Part VIII, The Condensations of 6-Nitropiperonal 
By Kantilal C. Pandya and P George Varghese 

{Chemistry Laboratory, St. /oAn*« Cottegt, Agra) 

Received May 6, 1941 

In Part VII of the series have been described the condensations of piperonal 
with eight of the common acid amides, of which one formamide did not 
undergo condensation ^ Wondering whether the introduction of any active 
group on the ring of the aromatic aldehyde would have any observable 
influence on the condensations of piperonal with these amides, simple den* 
vatives of piperonal with an active substituent were considered desirable for 
a trial Two of these are available and very easily prepared from the aldehyde 
itself, VIZ , 6-nitro-piperonal and 6-bromopiperonal In the present paper 
are described the experiments made to bring about the condensations of 
these eight amides with 6*nitropiperonal 

As m the case of unsubstituted piperonal,^ mtropiperonal is found not 
to undergo any condensation with formamide, the simplest, and perhaps 
the most extraordinary, of the amides Unexpectedly, the yields with propio* 
namide, benzamide and phenylacetamide are poor, while the yields with the 
remaining amides are above 50%, the highest bemg with cinnamamide, which 
IS found to be 83% of theory, which is indeed higher than any yield obtained 
also from piperonal and any of the amides Chemically the products are 
of the same type, viz , the 6-nitro>piperonyl>hi5amide, and share the pro- 
perties of the piperonal-analogues already described Pyridme or any other 
organic base was not used 

Experimental 

Preparation of 6-Nitropiperonal —The following was found to be the best 
method of preparing it and gave nearly theoretical yields 10 g of piperonal 
were slowly added, in the course of 15 mmutes, to 20 c.c of nitnc acid 
(density about 1 *4), and left at room temperature for another ten nunutes. 
(It IS important that during the addition the temperature should not rise 
above 45°.) Water was then added, when soild mtro-piperonal came out 
in yellow crystals. Though described as * colourless nee^es from water 
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the substance is really very susceptible to the influence of light, and becomes 
yellow, as observed by Fittig and Remsen * Indeed the description of 
F M Perkins® is more true, as the compound changes from “ pale yellow 
to intense, most brilliant yellow on the surface ” m p 95° 

Attempted Condensation with Formamide — ^The 6>nilropiperonal, 1 0 g 
was mixed with 2g of formamide (1 2 mol ) and the mixture kept on a 
water*bath at 110-15° for 24 hours Even then no solid separated and the 
whole mass remained liquid. On the addition of water, the aldehyde came 
out unchanged 

Condensation with Acetamide — 1 95 g aldehyde and 1 *2 g acetamide 
were heated on an oil-bath at 110-15“ for six hours After two hours a 
solid began to set in The product was taken out in the usual way and 
crystallised from alcohol-pyndine mixture as very pale yellow needles, melting 
at 235° Yield 1 8g or 61% of theory. With concentrated sulphuric acid 
it gave a yellow coloration, which* was changed to pale yellow on the 
addition of water 

Nitrogen, found 14 30% the 6-nitropiperonyl-bijacetamide CuHjjOjNa 
requires 14 24% 

Condensation with Propionamide — 3 g aldehyde and 2 2 g propion- 
amide (1 2 mol ) were heated at 1 10-15° After six hours even the reacting 
mass remained liquid, showing that the condensation was taking place very 
slowly or not at all Heating was continued for 18 hours when the mass 
solidified The product was treated as usual, and after repeated crystallisa- 
tions the melting-point rose to 212° and the substance came out as 
pale yellow micro-crystals The yield was about 15% With concentrated 
sulphuric acid it gave a yellow coloration, which became faint on the addition 
of water 

Nitrogen, found 12 96% the 6-nitropiperonyl-6jjpropionamidc 
CiiHjjOjNa requires 13 00% 

Condensation with n-Butyramide — 1 95 g the aldehyde and 1 74g 
M-butyramide were heated at 1 10-1 5° for 10 hours The product was washed 
with ether to remove the unreacted aldehyde and then it melted at 190“ 
Recrystallised from alcohol, it came out in pale buff-coloured micro-needles, 
melting with decomposition at 209“ With concentrated sulphunc acid it 
gave a yellow coloration, but when water was added a little turbidity was 
seen and a fine violet ring formed at the surface of the mixture on shaking 
and thoroughly mixing, both disappeared, leaving only a very pale yellow 
coloration, The yield was 2 g , or 57% of theory. 
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Nitrogen, found 12*33% the 6 * nitro>piperonyl-hwR>butyramide 
CnHaiOgN, requires 11 96% 

Condensation with n-Heptamide — 0 98 g of the mtropioperonal and 
1 29g of w-heptamide (1 2 mol) were heated at 110-15® for 10 hours. 
The mixture remained liquid for nearly six hours, after which solidifications 
set in The product was washed with alcohol, and in the crude condition was 
brown in colour Recrystallised from hot alcohol, it came out in pale 
lemon-coloured needles, melting at 185° The yield was 1 2g or 55% of 
theory It gave a reddish yellow coloration with concentrated sulphuric 
acid, which on the addition of water became turbid with a violet-coloured 
ring all this disappeared on shaking when only a yellow coloured solution 
remained 

Nitrogen, found 9 80% the mtropiperonyl-his-heptamide C^HysOgNs 
requires 9 65% 

Condensation with Benzamide — 0 98 g of the aldehyde and 1 31 g 
benzamide (1 2 mol) were heated at 110-15°* after three hours the mass 
became solid, and the heating was continued for another three hours The 
product was then taken out, well washed with alcohol and the bisamide 
crystallized from pyridine from which it came out in pale yellow needles, 
melting at 248° The yield was only about 25% of theory . higher tempera- 
tures for the condensation were tried, but they produced resinous substances. 
With concentrated sulphuric acid, it gave an orange coloration, which deepen- 
ed on keeping, but which, on the addition of water, changed to a pale yellow 
as usual 

Nitrogen found = 10 46% the nitropipcronyl-hw-benzamidc CmHjjOjNj 
requires 10 02% 

Condensation with Phenylacetamide — 1 95 g of the aldehyde and 2 7 g 
of phenylacetamide were heated together at 1 10-1 5® for six hours The yield 
was poor about 10% The product, crystalhzed from pyndine, was very 
pale yellow, in fine needles, and melted at 231 ® With concentrated sulphuric 
acid It gave an orange-yellow coloration, which became yellow when water 
was added 

Nitrogen found *=9 8%* nitropiperonyl-ft^-phenylacetamide C»4HnO»N* 
requires 9 4% 

Condensation with Cmnamamide — 2’Og mtropiperonal and 3 Og cin- 
namamide ( 1 1 mol ) were heated for six hours at 1 10-1 5® The condensation 
was quicker than before, and the yield 3 9 g or 82 7% of theory was the best 
so far obtained, Crystalhsed from pyndine, the product, which was pale 
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yellow needles, melted at 232° With strong sulphunc acid it gave a very 
nch orange coloration, which changed into deep yellow, when water was 
added 

Nitrogen found = 9 32% nitropiperonyl-hir-cinnamaimde CtaHuO^Ns 
requires 9 92% 

Summary 

The condensations of 6-nitropiperonal with amides have been studied 
The products are in their properties in a line with the products obtamed 
from piperonal itself In the case of acetamide and cinnamamide the yields 
were distinctly higher than they were with piperonal in other cases the 
reaction was distinctly slower and gave lesser yields 
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BtJTRiN which was isolated by Lai and Dutt^ from the flowers of Butea 
frondosa exhibits exceptional properties Unlike the other flavanone glyco- 
sides, It contains no rhamnose unit and is remarkable for its sparing solubility 
in organic solvents and considerable solubility in water In aqueous or 
alcoholic solution it gives no colour with ferric chloride Its constitution 
IS, therefore, of special interest in connection with the work on glycosides 
which IS in progress in these laboratories 

The formula of butrin, C37H32O15, indicates that it is a diglucoside and 
this has been confirmed recently by the estimation of the glucose and the 
aglucone obtained by acid hydrolysis ^ In an attempt to establish the con- 
stitution of butnn, LaP subjected the glucoside suspended in ethyl alcohol 
to ethylation with excess ot ethyl iodide and potassium carbonate He 
claimed to have isolated a colourless O-diethylbutnn and an isomeric bright 
yellow product, and therefore concluded that butrin was a bioside, the sugar 
group occupying only one hydroxyl group of butin 

For the present investigation diazomethane was chosen for the methyla- 
tion of the glucoside since (a) it would not open up the pyranone ring 
because ot its mild nature and (b) there is no hydroxyl group in position 5 
to offer resistance to methylation by this reagent The reaction was carried 
out in aqueous methyl alcoholic solution of the substance, and the product 
was found to be a monomethyl butnn When reduced with magnesium and 
concentrated hydrochloric acid, it gave a bnght pink colour, indicating the 
presence of the flavanone structure Further it was not soluble in dilute 
alkali, thereby showing the absence of any free phenolic hydroxyl group. 
By the hydrolysis of the methylated glucoside with dilute acid m order to 
remove the sugar residues, an extraordinary result was obtained The 
resulting methyl ether (I) gave no prominent colour when treated with 
magnesium and hydrochloric acid, and with ferric chloride produced a 
marked olive brown, characteristic of butein It was, therefore, concluded 
that during hydrolysis complete rupture of the pyranone ring had taken 
place.* With a view to identify the monomethyl ether thus obtained, 
it was subjected to oxidative degradation with alkali and thereby 
isovanillic acid was produced It should, therefore, be 4 '- 0 -metbylbutein 
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In order to establish its identity further, a sample of 4'-0-inethyl- 
butein (II) was synthesised by condensing resacetophenone and 
isovanilhn in the presence of alkali Though the sample (I) obtained 
by the hydrolysis of the methylated butrin agreed closely m its 
properties with the synthetic 4'-0-methylbutein (II), it melted lower 
This discrepancy which first offered great difficulties in the inter- 
pretatiqn of the results became explicable, when it was realised later during 
a subsequent repetition of the experiment that (I) contained small quantities 
of a more easily soluble fraction (III) which differed from the major part 
in (u) giving no colour with ferric chloride and (b) producing a pink colour 
when treated with magnesium and hydrochloric acid (III) was, therefore, 
a flavanone derivative It was identified as 4'-0-methylbutin by taking the 
mixed melting point with an authentic sample obtained by heating the 
synthetic 4'-0-methylbutein (II) with dilute sulphuric acid for a number of 
hours After the removal of this fraction, sample (I) melted correctly at 
206-08° and the mixed melting point with (II) was undepressed 

From the above results the conclusion is inevitable that butnn is a 
dimonoside of butin, bearing the two glucose units in 3' and 7 positions (IV) 
This explains the non-production of any colour by the glucoside with ferric 
chloride, the formation of only a monomethyl derivative (V) on methylating 
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the substance with diazomethane and the production of the monomethyl 
ethers of buUn and butein and of isovanillic acid by degradation 

It may be interesting to note here that during the course of this methyla- 
tion no methyl groups entered the sugai nuclei, as had been found to take 
place m some other cases Further the hydrolysis of the mediylaied gluco- 
side with acids has led to the formation of the butein compound in much 
larger proportion than has been found with butrin itself * 

The most important outcome of the present investigation is (1) that 
butrin IS the first instance of an antboxanthin containing two sugar groups 
in two different positions, though such cases are very common in antho- 
cyanins and (2) that it is the first example for the occurrence of a glucose 
unit in the side phenyl nucleus in both anthoxanthms and anthocyanins 
Another case wherein the side phenyl nucleus carries the sugar residue has 
also been recently discovered by us (unpublished work), thus showing that 
such type of glucosides is more common than originally imagined 

Experimental 

The dried flowers of Butea frondow were coarsely powdered and 
extracted in batches with methylated spirit The total alcoholic extract was 
then distilled to recover the solvent and the concentrate was filtered, while 
still hot, through a fluted filter to remove the wax and the resin that sepa- 
rated out and then left for a week At the end of this period, a crystalline 
solid along with some brown resin and wax was depos4ted The contents 
were filtered and the residue washed with methylated spirit till it became 
lemon-yellow in colour This crude product readily dissolved in boiling 
methyl alcohol, and when the solution was flowed to stand overnight, a 
pale yellow crystalline solid separated out It was filtered and subsequently 
boiled with excess of methyl alcohol This time, however, very little of the 
solid went into solution, as it was almost pure It was once more boiled 
With excess of fresh methyl alcohol to completely remove the impurities and 
filtered The substance was obtained by this procedure as almost colourless 
needles melting at 193-94° (decomp) It was soluble in water and the 
aqueous solution did not develop any colour when treated with a drop of 
feme chloride A small part was dissolved m water, excess of concentrated 
hydrochloric acid added and then treated with magnesium powder, when 
a beautiful pink colour was produced 

Preparation of A'-O-methylbutrm— 

Butrin (3 g ) was disifolved in 80% methyl alcohol (200 c c ) and treated 
with a large excess (10 g ) of diazomethane in ethereal solution in small 
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quantities The contents were shaken vigorously after each addition. As 
soon as diazomethane was added, the solution became cherry red and the 
evolution of a small amount of gas also took place Even during the course 
of the addition, a colourless crystalline solid began to separate out The 
contents were left overnight to enable the reaction to be completed , The 
ether and the excess of diazomethane were then expelled from the reaction 
products and the colourless crystalline solid filtered It was very sparmgly 
soluble in methyl and ethyl alcohols, moderately soluble in glacial* acetic 
acid and freely in boiling water or dilute acetic acid From dilute acetic 
acid solution, it crystallised as colourless needles melting at 230-32° It 
was not soluble in cold aqueous alkali and did not give any colour with 
feme chloride When reduced with magnesium powder and hydrochloric 
acid as already described, it developed the pink colour characteristic 
of flavanones The yield of the pure product was 2 g (Found 
in the sample dried in vacuo at 130-40° C, 54 6, H, 5 3, OCHj, 5 0, 
Cj 7 H 3 iOi 4 OCHg requires C, 55 1 , H, 5 6, OCHa 5 1%) 

Hydrolysis of Methylbutnn — 

Experiment 1 — Methylbutrin (0 5 g ) was treated with 7% sulphuric 
acid (25 c c ) and the mixture boiled under reflux on a wire-gauze The solid 
went into complete solution within S minutes and after about 45 minutes, 
some yellow solid separated out giving rise to bumping However, the heat- 
ing was continued for 2 hours to complete the hydrolysis The contents 
were then cooled and filtered The residue was purified by crystaUisation 
from dilute acetic acid It was deep yellow in colour and produced an ohve 
brown colour when treated with feme chloride in dilute alcoholic solution 
When reduced with magnesium and concentrated hydrochlonc acid, it did 
not give the brilliant pink colour characteristic of flavanones (Found 
OCHa, 11 2 , CisHiiOaOCHa requires OCHa, 10' 8%) The substance melted 
at 196-98° 

Oxidative Degradation of the Above Product' Isolation ofJsovamlbc Acid — 

The substance (0 5 g ) was treated with 50% potash (20 c c ) in a silver 
flask and heated under reflux for 6 hours At the end of the period, the 
clear alkaline solution was acidified with hydrochlonc acid and extracted with 
ether From the ether solution an acid melting at 253-55° was obtained 
It was found to be identical with isovamllic acid 

Experiment 2 — (a) Preparation of A'-O-methylbutein . The hydrolysis of 
the methylated glucoside was carried out as already described After the 
heating was over, the contents were immediately filtered hot and the filtrate 
allowed to cool The residue was crystalhsed from dilute alcohol and was 
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obtained as deep yellow microcrystalline powder melting at 206-08“. It 
was sparingly soluble in water but it dissolved freely in alcohol or acetic 
acid. When treated with a drop of ferric chloride, an aqueous alcoholic 
solution of the substance gave an olive brown colour On reduction with 
magnesium and hydrochloric acid the substance did not develop any pink 
colour It was found to be identical with a synthetic sample of 4'-0- 
methylbutein and admixture with it did not depress the melting point 
(Found OCHa, 110, CijHuOiOCHj requires OCH,, 10 8 %) 

(h) Preparation of 4'-0-methylbutm — ^The hot aqueous filtrate left after 
the separation of the methyl butetn deposited on cooling a pale yellow sub- 
stance It was filtered and recrystallised from dilute alcohol, when it came 
out as pale yellow glistening rectangular plates melting at 204-06'’. In 
alcoholic solution it did not yield any colour with ferric chloride, but on 
reduction with magnesium and hydrochloric acid it gave a beautiful pi/ik 
colour It was identical with a synthetic sample of 4'-0-methylbutin, and the 
mixed melting point with it was undepressed (bound OCHj. 11 1%, 
CisHijOiOCHs requires OCH 3 , 10 8 % ) 

This compound could be easily distinguished from the isomeric 4'-0- 
methylbutein, since it was only pale yellow in colour and crystallised as 
glistening rectangular plates, whereas the butein ether was a deep yellow 
microcrystalline powder The melting point of a mixture of the two sub- 
stances was 188-91® 

Synthesis of A'-O-methylbutem — 

The conditions for the preparation of chalkones according to the method 
of Kostanecki have recently been studied in these labor atones'^, and it has 
been found that the best yields could be obtapicd by ( 1 ) taking an excess 
of one of the components (aldehyde or ketone) the choice being dependent 
on the availability of the particular substance and ( 2 ) refluxing immediately 
after the addition ot the alkali to the reactants for an hour This procedure 
was adopted in the synthesis of 4'-0-methylbutein 

Isovanillin (1 g , 1 molecular proportion) and resacetophenone (3g , 
3 molecular proportions) were dissolved in 10 c c ot alcohol and 25 c c of 
50% potash were added to the solution at the room temperature The mixture 
was refluxed for one hour on a water-bath and then kept out of contact 
with air for 24 hours The product was then diluted and acidified with 
hydrochloric acid, cooling the flask under the tap A yellow product sepa- 
rated out It was filtered and recrystallised from alcohol It came out as 
a microcrystalline powder melting at 206-08® The yield of the pure product 
was 1 g (Found C, 65 2 , H, 5 6 , OCH 3 , 10 6 ; loss on drying m vacuo 
AS r 
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at 120-30% 2 8, CuHuO* 0CHs,iH,0 requires C,65 1; H, 5 4, OCH„ 
10 5 , loss on drying (HbO), 3 1%) 

Synthesis of A'-O-methylbutm — 

The above methylbutein (1 5 g ) was dissolved in 50% alcohol (75 c c ) 
and treated with concentrated sulphuric acid (3 cc) The solution was 
then boiled under reflux on a water-bath for 18 hours It was then diluted 
with boiling water to 250 c c when a sohd began to separate out. On shak- 
ing and slight cooling the solid coagulated It was filtered and recrystallised 
from alcohol It was a deep yellow substance melting at 205-07° and was 
found to be identical with the starting material The filtrate deposited some 
more solid on cooling It was only pale yellow in colour and crystallised from 
dilute alcohol as glistening rectangular plates It produced the pink colour 
characteristic ot flavanones, when reduced with magnesium and hydrochloric 
acid It melted at 203-05°. Yield of the pure product was 0 5 g (Found 
C, 67 0, H, 4 9; OCH„ 11 0, CuHuO* OCH, requires C, 67 1, H, 5 1; 
OCHs, 10 8%.) 

Our thanks are due to Mr G V L Narasimha Murthy for some of the 
microanalyses 

Summary 

On treatment with diazomethane, butrin gives rise to a monomethyl 
ether which yields on hydrolysis with acids a mixture of 4'-0-methylbutin and 
4'-0-methylbutein, the latter being the major component The constitutions 
of these two products have been established by alkaline oxidation, yielding 
isovanillic acid and comparison with synthetic samples It is, therefore, 
concluded that butrin is 3' 7-diglucoside of butin, and thus it is the first 
instance of a glycoside to contain the sugar residues m two different positions 
amongst the group of anthoxanthins and also the first instance to carry a 
sugar group in the side phenyl nucleus amongst both antboxanthm and 
anthocyamn pigments 
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(Communicated by Prof T R Seshadri, m a , Ph d , f i c , f.a sc ) 

The methylation of the hexahydroxy flavone, quercetagetin with methyl 
iodide and potash was hrst carried out by Perkm ' Though an excess of 
the reagents was used, the mam product was the pentamethyl ether, and the 
completely methylated substance was obtained m very small amounts As 
an alternative method for the preparation of the hexamethyi ether, Perkin 
subjected the dry potassium salt of the pentamethyl compound to the action 
of dimethyl sulphate, but the yield was poor even then The pentamethyl 
ether (3 6 7 3' 4'-) was subsequently prepared by Baker, Nodzu and 
Robinson^ during the course of the synthesis of quercetagetin These authors 
could effect further methylation of the pentamethyl ether very satisfactorily 
by treating the compound in acetone solution with dimethyl sulphate and 
alkali 

It has now been found that the hexamethyi ether can be readily pre- 
pared in a very satisfactory yield (about 90%) according to the method of 
Rao and Seshadri ''' The acetyl derivative was dissolved m acetone and the 
solution treated with the requisite amounts of dimethyl sulphate and 20% 
sodium hydroxide alternately in small amounts Finally the medium was 
made definitely alkaline by the addition of further quantities of the alkali 
After leaving overnight the acetone was removed by heating on a water-bath, 
and when the remaining alkaline solution was acidified, the hexamethyi ether 
was produced After crystallisation from alcohol using a little animal char- 
coal, the substance was obtained as narrow rectangular plates melting at 
142-44° MahaP followed a similar method with slight alterations but the 
yield was recorded to be only 33% on the weight of the acetate taken 

The action of diazomethane on quercetagetin docs not seem to have been 
studied before An anhydrous methyl alcohol or dioxan solution of the 
flavonol was treated with excess of diazomethane in ethereal solution, adding 
the latter m small quantities during two days After evaporating off the 
solvent, a brown oily liquid was obtained, which solidified on addmg a little 
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water and keeping in the ice-chest for some tune. The brown solid was 
purified by crystallisation from alcohol using a little animal charcoal. 
H^xamethyl quercetagetin melting at 142-44° was obtained in an yield 
of 80% 

The action of methyl iodide and anhydrous potassium carbonate has 
recently been studied in our laboratories on some of the flavonols, herba- 
cetin, gossypetin and quercetin, and their action has been found to be similar 
to that of diazomethane A deviation has been noticed in the case of 
quercetagetin When a solution of the flavonol in dry acetone was treated 
With anhydrous potassium carbonate, the pigment got precipitated almost 
completely, and the subsequent boiling of the mixture with methyl iodide for 
60 hours did not bring about any methylation, the original substance being 
recovered unchanged The experiment was repeated using a mixture of di- 
oxan and dry acetone to dissolve the pigment Even now the flavonol got 
precipitated on adding anhydrous potassium carbonate, but on boiling with 
methyl iodide a pale yellow substance began to float over the surface of the 
liquid It was mechanically separated out and crystallised from alcohol, 
when it appeared as almost colourless rectangular plates melting at 160-61° 
It was found to be identical with 3 6 7 3' 4'-pentamethyl quercetagetin, 
developing a brown colour with a trace of ferric chloride and giving a dull 
olive-green with an excess The yield too was poor 

The author’s thanks are due to Prof. T R Seshadri for his interest in 
this work 
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ON GUEST’S LAW OP ELASTIC FAILURE 

By B R Seth 

(From the Department of Mathematics, Hindu College, Delhi) 

Received May 3, 1941 

Various hypotheses have been advanced for determining the yield point of 
an elastic material In one group we may combine the hypotheses of 
(i) principal maximum stress, (ii) maximum prinapal strain and (in) maxi- 
mum shear stress or maximum principal stress difference Of these the 
last one seems to find favour with many writers In fact Cook^ maintains 
“that stress differences alone will be found in the expression of any theory 
which can be applicable ’’ to elastic failure Taylor and Quinney^ also hold 
this view 

A second group of theories starts from the idea that there is a limit 
to the amount of strain energy which can be stored in the element of volume 
of an Silastic material The strain energy can be split into two parts, one 
due to the change in volume and the other due to the distortion Haigh* 
and Beltrami^ take into consideration both these changes, but Mises* and 
Hencky neglect the part due to the change in volume Nadai* is a great 
supporter of the Mises-Hencky hypothesis 

A feature common to all these theones is that the criterion of failure 
IS unaltered by a reversal of the sign of the stress But it is well known 
that materials shew yield stresses in compression several times those in 
tension To avoid this objection Mohr^ has extended the maximum shear 
theory by combining it with the principal maximum stress theory 

Very few have found their way to agree to Guest’s criterion® that be- 
sides the shearing stress, which is a primary factor in yield, volumetnc stress 
of a certain type should also be taken into account In two recent papers* 
he has elaborately discussed some recent experimental results of Mason, 
Becker and Cook, and has shewn how the difficulties in the explanations 
given by the various authors and others of their results can be overcome by 
taking a volumetric stress in the sheanng stress hypothesis We propose 
to shew how the theory of Finite Strain which has been developed m some 
recent papers^®* gives a criterion similar to that of Guest, which contains 
the three commonly adopted theories of maximum shear stress, of Mohr 
and of Mises and Hencky 
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Let />!, Pi, Pa be the pnncipa,! stresses in descending order of magni- 
tude If we adopt the maximum stress difference hypothesis, the criterion 
can be written as 

Pi — Pi - Constant — K (say) (1) 

In the case of a simple tension m the x-dircction we can put pis= xx, Pt—0, 

so that pi - XX ~K In the case of pure shear we can put Pi= —p^ —xy, 

so that x>' — i K Hence, if $ be the ratio between the yield point in tension 
and the yield point in shear, we get f -- 0 5 

Mises-Hencky hypothesis can be written as 

(Pi-PiY-i (Pi~PiY-\ {P3-Pi)*= K (a constant) (2) 

Proceeding as above we find 0 577 

Guest formulates the law of failure as 


Pi - -I ^ (Pi 1 /la) = K (a constant), (3) 

where A: is a non-dimensional constant of the material varying from zero 
to unity For A — 0 (3) reduces to (1), and for A: = 0 155 (3) gives the same 
value of f as (2) In general the value of i given by (3) is 

lf«i(l + A:) (4) 

The values of I determined experimentally have a wide variation, and 
hence (3) can be expected to give better results than either (1) or (2) It is 
significant that Guest does not use the average volumetric stress 3 Oj 4/>,-f/>a) 
but the stress 3 (pi -I- pa) In the finite strain theory it is found that 
i (Pi + Pi + Pa) should be used 

For a spherical shell subjected to uniform normal tractions on the inner 
and outer surfaces the finite strain theory gives the hmits for the principal 

stresses rr and ( — <M>) as^* 


1 - 2r, ^ 2(p- . l-2v 

J ~ 7 3k -2rr 


( 5 ) 


where is Poisson’s ratio and k the modulus of compression The lower 
limit corresponds to infinite contraction and the upper to infinite extension 

If we take the upper limit, we get the criterion for faildre due to 
extension as 


1 _ 2 , 3 ^ 1 ^, 


(«) 


which IS of the form proposed by Guest For steel we can put ly = 0*3 and 
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we get the ratio ( equal to 0 625, which is a very high value But, if we 
write (6) as 

si + 1 (r,+ 9«+si)-}^y 


( 7 ) 


where E is Young’s modulus, we get a slight modification of Guest’s Law as 

( 8 ) 


Pi-P^+i- (Pi + P»+ P^) = i ,-J- 

For a pure shear we can put = —Ps = xy (say), p* = 0, and we get 


(91) 


For a pure tension we can put Pi= xx (say), p*= p^ — O, and we get 

3cx - i E. (9 2) 

Hence (9 3) 


which lies between 0 5and0 75 For steel we can take 3, and the value 

of i becomes 0 577, which is exactly that given by Mises-Hencky 
theory 

For contraction we take the lower hmit, and the criterion corresponding 
to (8) is found to be 

, 1 —2 TJ 

n L. f 


For a pure shear 
and for a pure tension 


(Pl + P 2 + /’s) — f 

(10) 


(11 1) 

2 -, 

(11-2) 


The corresponding value of ( is therefore 

which, as was to be expected, is equal to 0*577 for a higher value of ij given 
by Tj » 0*392. 

The ratio of the values of xx in pure compression and in tension is 
found from (9 2) and (11 *2) as 

3 



40 


B. R. Seth 


which varies between f and 2 Thus, as is proved by experiment, the yield 
stresses in compression are much greater than those in tension 

It should be mentioned that the laws formulated in (8) and (10)* are 
based on the hypothesis that the material remains within the limits of per- 
fect elasticity But Guest has shewn his law to hold good for brittle materials 
as well Whether we use ^ (pj -I as Guest has done, or the average 
volumetric stress, as has been done m (8) and (10), it appears certain that 
an extension of the maximum shear stress hypothesis lies in including some 
more linear terms in the principal stresses If the additional terms are to 
reflect the eifect of the change in volume, the inclusion of the average 
volumetric stress J (pi f -i p^ seems to be more feasible than i(pi-}- p^, 
as has been done by Guest 
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RAMAN EFFECT IN POTASSIUM TARTRATE 

CRYSTAL 

By B Lakshman Rao 

{From the Department of Physics, Indkm Institute of Science, Btuigalore^ 

Received July 3, 1941 

(Communicated by Sir C V Raman, Kt , f n s., n l ) 

Nedungadi (1940) made an exhaustive study of the Raman effect in Rochelle 
salt crystals Using a commercially available large single crystal, he obtamed 
a number of new lines including several new lattice lines and showed that 
the intensity of these varied with the orientation of the crystal The avail- 
able data on single tartrates are, however, incomplete Canals and Peyrot 
(1938) have recorded some high frequency lines above 1200 cm in potas- 
sium tartrate using the crystal powder technique Gupta (1938) reported 
only five lines having frequency shifts 888 cm“* and above and failed to 
record any on the low frequency side, though he used a single crystal of 
sodium tartrate for the study In view of these facts, it was felt desirable to 
investigate single crystals of some simple tartrates The results obtamed 
with a fairly large single crystal of potassium tartrate prepared by the author 
are reported m the present communication 

The frequency shifts (in wave numbers per centimetre) observed in 
potassium tartrate crystal are listed in Table I along with the relevant data 
of previous investigators for comparison Columns 2 and 6 of the table 
contain the frequency shifts deduced from the graphical representation given 
by Peyches (1934) in a 2 M solution of the salt 

A glance at the table shows that many new lines, including three 
intense low frequency lattice oscillations and one band due to water of 
crystallisation, have been recorded here for the first time It is to be noted 
that every line observed in the solution of potassium tartrate has a corres- 
ponding line in the crystal, though the reverse is not always true Further, 
there is close agreement between the frequencies observed by Nedungadi 
(1940) in the case of Rochelle salt and those observed in potassium tartrate 
by the present author These show clearly that the frequencies character- 
istic of the tartrate ion are practically unchanged by the cation in these 
crystals However, the differences are conspicuous in the low frequency 
lattice oscillations The three lines 77, 103 and ISO correspond respectively 
to the lines 88, 132, and 178 in Rochelle salt, though the former set of lines 
have uniformly lower values This lowenng of the lattice frequencies in 
potassium tartrate is perhaps to be ascribed to the larger mass of the two 
potassium cations than that of sodium and potassium taken together in 
Rochelle salt molecule. 


41 



42 


B. Lakshnoan Rao 
Table I 


Raman lines in potassium 
tartrate 

Nedungadi 

Raman lines m potassium 
tartrate 

Nedungadi 

Canals and 
Peyrot 
Crystal 
powder 

Peyches 

2 M solu- 
tion 


Rochelle 

Salt 

Single 

crystal 

i 

Canals 

and 

Peyrot 

Crystal 

powder 

Peyches 

2 M solu- 
tion 

Author 

Single 

crystal 

Rochelle 

salt 

Single 

crystal 




39 (4^) 




915 (0) 

j 


77 (8) 

88 (Sbd) 


1000 

995 (2) 

990 (6) 



103 (12) 

132 (8s) 


1070 

1073 (1) 

1070 (7) 



150 (6) 

178 (6vb) 


1110 

1110 (1) 

1112 (3) 




249 (3d) 

1232 f 

1220 

1219(1) 

1210 (3) 




380 (Ibd) 

1271 f 


1323 (4) 

1292 (4) 





1337 f 






493 (1) 

485 (3d) 



1351 (2) 

1347 (4d) 


525 

1 531 (2) 

532 (3) 


1370 


1379 (7) 


1 600 

! 603 (1) 

611 (4d) 

641 (0) 

1424 bf 

1607 f 

1430 

1600 

1425 (4b) 

2926 (10) 

1425 (4d) 

2935 (15) 


710 


699 (1) 

2652 f 



2979 (8) 


810 

807 (4) 

811 (4d) 

2739 ? 
2940 F 



3262 


850 

846 (2) 

847 (5) 

2992 F 


3336 (2b) 

3400, 3468 


900 

889 (2) 

891 (7) 




3534 


Only one line characteristic of the C-H bonding at 2926 has been 
recorded in the present investigation, though Canals and Peyrot report other 
weak lines also 


The absence of the C=^ O frequency in the spectrum is characteristic 
of the ionised carboxyl group as in the case of Rochelle salt 

The author is indebted to Professor Sir C V Raman, Kt , F R s , n L , 
for his inspiring interest and to Mr T M K Nedungadi for useful help. 


Canals and Peyrot 
Oupta 
Nedungadi 
Peyehee 
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COLOUR ANALYSIS AND COLORIMETRY 
Part I. Nitrate Estimation 
By G V L N Murty 

(from the Department of ChemUtrp, AntUtra University, fValtalr) 

Received Februaiy 25, 1941 
(Communicated by Prof T R Seshadn) 

In regard to the colorimetric methods of analysis the existing literature 
shows that no systematic attempt has been made to specify the various 
colours that are met with m terms of brightness, dominant wave-length and 
purity, which are the parameters that correspond very closely to the three 
psychological attributes brilliance, hue and saturation Further, an analysis 
of the colours developed at various concentrations of the substance under 
investigation, can yield information regarding the limits of concentration for 
obtaining the maximum accuracy Of the methods that are employed in 
colorimetric estimations the dilution and the balancing methods depend on 
the applicability of Beer’s law to the solutions concerned For the success 
of a colorimetric estimation by these two methods, therefore, it is necessary 
that the dominant wave-length of the final coloured solution at various con- 
centrations should be nearly the same and that the brightness should neither 
be too low nor too high It is obvious that the errors in the matching of 
colours will be considerable if the solutions are too bright or too dull 
Investigations have been, therefore, undertaken with a view (1) to specify the 
colours that are met with in some of the important colorimetric methods in 
terms of brightness, dominant wave-length and punty and (2) to see how 
far It would be possible to correlate the limits of maximum accuracy obtained 
in some colorimetric estimations by the dilution and the balancing methods 
with those that could be judged from colour analysis data The present 
paper deals with the colorimetric estimation of nitrate by employmg the 
phenol sulphonic acid’ and the a-naphthol sulphonic aad* reagents 

Experimental 

The phenol sulphonic acid reagent was prepared as described m * Phoi^o- 
metnc Chemical Analysis The preparation of the a-naphthol sulphonic 
acid reagent and the treatment of the water samples for the development of 
colours for comparison were carried out as described by Murty and Gopala 
Rao * Colour analysis was effected by making use of the Keuffel and 
Esser colour analyser * From the percentage transmissions at the various 
wave-lengths the red, green and violet sensations and the relative luminosity 
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values were obtained by using the K &. E slide rule The colour triangle was 
employed for the evaluation of purity and the dominant wave-length The 
colorimetric estimations were eflectcd by making use of the Duboscq colori- 
meter 

Rc’iulti and Discmuom 

The following table gives in detail the data concerning the colour 
analysis of' the solution which contains 0 25 mg of nitrate nitrogen. 
The colour was developed with the a-naphthol sulphonic acid reagent 


Table I 


Wave-length 
m ^ 

Mean colour- 
analyser reading 

Red 

sensation 

Green 

sensation 

Violet 

sensation 

Relative 

lununosity 

490 

9 

0 42 

1 74 

2 22 

0 018 

500 

24 

2*30 

7 30 

3 35 

0 073 

510 

35 

6 20 

16 20 

3 35 

0 185 

320 

41 

11 30 

23 00 

2 94 

0 282 

530 

55 

20 20 

38 20 

2 80 

0 464 

540 

62 

27 80 

45 50 

2 13 

0 600 

550 

65 

33 00 

48 50 

1 40 

0 650 

560 

61 

34 00 

42 50 

0*80 

0 600 

570 

63 

38 00 

39 40 

0 52 

0 590 

580 

61 

37 50 

30 50 

0 29 

0 525 

590 

69 

43 50 

24 30 


0 515 

600 

57 

33 70 

13 10 


0 350 

610 

58 

30 80 

7 60 


0 282 

620 

51 

21 40 

3 42 


0 184 

630 

47 

14 80 

1 52 


0 117 

640 

56 

11 80 

0 61 


0 088 

650 

50 

6 25 

0 16 


0 046 

660 

55 

3 90 


, 

0 024 

670 

55 

2 22 



0 012 

680 

47 

1 03 



0 005 

690 

48 

0 60 

*. 

• 

0 004 

700 

50 

0 60 



0 005 
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From this data the usual calculations yield the following results : 
Brightness . 54 0^/ 

Dominant wave-length 575 m /* 

Purity 95 0% 

The values given below have been obtained by the colour analysis of 
the corresponding solution where the phenol sulphonic acid reagent was 
employed 

Brightness 68 5% 

Dominant wave-length 570 m ft 

Purity 81*0% 

Nitrate solutions of varying concentrations were treated both with the 

phenol sulphonic acid and the a-naphthol sulphonic acid reagents and the 
final coloured solutions analysed The following table embodies the values 
of dominant wave-length and brightness at the different concentrations of 
nitrate 

Tablf II 


Concentration 
(m g X 10’ nitrate 
nitrogen) 

1 Colour developed with the phenol 

1 sulphonn. acid reagent 

Colour developed with thea- 
naphthol sulphonic acid reagent 

Dominant 
wavc-Jength 
(w li) 

Bnghtness 

(%) 

Dominant 

wave-length 

(m fi) 

Brightness 

(%) 

2 S 

560 

90 0 

573 

68 0 

7 5 

563 

80 0 

574 

60 2 

12 5 

! 565 

75 0 

574 

58 3 

2S 0 

570 

68 5 

575 

54 0 

50 0 

570 

62 3 

578 

42 0 

75 0 

' 572 

61 I 

580 

40 3 

125 0 

573 

60 3 

582 

38 0 

250 0 

578 

59 1 

590 

29 0 

500 0 

583 

59 0 

599 

15 0 


From the above results it is clear that solutions having the same nitrate 
content yield colours exhibiting longer dominant wave-length with the 
a-naphthol sulphonic acid reagent than with the phenol sulphonic acid reagent 
FurAcr, the percentage brightness is always lower in the former case than 
in the latter In other words the a-naphthol sulphonic acid reagent yields 
deeper colours than the phenol sulphonic acid reagent An examination of 
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the results presented in Table II shows that as far as the constancy of domi- 
nant wave-length for small changes in concentration is concerned both the 
methods are equally satisfactory The bnghtness values, however, exhibit 
certain interesting features With low concentrations of nitrate the phenol 
sulphonic acid reagent seems to yield colours whose brightness is very high 
Hence according to the criteria mentioned in the introduction, this method 
does not appear to be capable of being employed for the accurate analysis 
of samples having low concentration of nitrate nitrogen (< 10 mg x 10“*of 
nitrogen) The brightness values of the corresponding colours with the 
a-naphthol sulphonic acid reagent, however, are neither too high nor too 
low Hence this reagent should be capable of being used for the accurate 
estimation of nitrate solutions even at these very low concentrations The 
situation seems to be the reverse in the case of strong solutions of nitrate 
The a-naphthol sulphonic acid reagent cannot be useful because the bright- 
ness of the solutions is too low The phenol sulphonic acid reagent on the 
other hand, yields colours whose bnghtness is within limits and hence it 
could be expected to be suitable in this range of concentration For solutions 
of moderate concentrations both the methods seem to be equally satisfactory 
With a view to verify these ideas colonmetnc estimations have been earned 
out with both the reagents over a wide range of concentration and the results 
are given below 

Table III 

Note —The amounts of nitrate are expressed as m.g x 10* of nitrate nitrogen 


Amount 

Nitrate found with 

Nitrate found with 

of nitrate 

phenol sulphonic 

a-naphthol sulphonic 

taken 

acid reagent 

Bcid reagent 
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The above results clearly show that the a-naphthol sulphonic acid could be 
successfully employed for the estimation of nitrate even at very low con- 
centrations where the phenol sulphonic acid reagent is not satisfactory At 
higher concentrations the reverse happens to be true Judging both from 
the colour analysis as well as the colorimetric data it can be concluded that 
for the estimation of nitrate the a-naphthol sulphonic acid and the phenol 
sulphonic acid methods are both complementary, each being efficient m its 
own range of concentration 

Summary 

The analysis of colours that arc met with in the colorimetric estimation 
of nitrate by the phenol sulphonic acid and the a-naphthol sulphonic acid 
reagents has been elTected by means of the Keuffel and Esser colour analyser 
From the results of colour analysis as well as those ol colorimetric estimations 
it has been shown that the a-napnthol sulphonic acid method and the phenol 
sulphonic acid method arc both complementary, each adding to the utility 
of the other by being efficient in its own range of concentration 

In conclusion, the author desires to thank Prof T R Seshadri for his 
kind interest in the work 
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NITRATES AND SULPHATES 
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1 Introduction 

Invfstigations with crystalline nitrates in the form of powder have figured 
prominently in the early studies on the Raman effect Krishnamurti (1930) 
made extensive studies on a series of nineteen nitrates, using suitable fillers 
to avoid the continuous background in the spectrum In certain cases he 
succeeded in recording the low frequency lattice lines in addition to the 
frequencies characterising the internal oscillations of the nitrate ion Gerlach 
(1930) and I R Rao (1934) also investigated a few nitrates but their spectra 
were very incomplete They obtained no lattice lines, and even in the case 
ot internal oscillations only the strongest Raman lines were recorded More 
recently, Anantakrishnan (1937) reinvestigated a large number of nitrates 
using his technique of complementary filters and noticed several fainter 
lines due to the internal oscillations of the NOg ion, which had been over* 
looked by the earlier workers The advantage of using single crystals in 
enabling the low frequency lattice oscillations to be recorded was made evi- 
dent by the work of Nisi (1933) in the case of nitrates of the alkali metals 
Other nitrates do not, however, appear so far to have been investigated in the 
form of single crystals The present author has prepared fairly large single 
crystals of strontium, barium and lead nitrates and studied their Raman 
spectra, revealing a series of low frequency lattice lines in each case. 

Using the powder technique, Krishnamurti (1930) also studied a number 
of sulphates but failed to notice any of the low frequency lines and recorded 
only the strongest of the lines due to the internal oscillations of the SO 4 ion 
in most of the cases This is not surprising in view of the fact that the 
sulphates scatter light rather feebly Nisi (1931), using small single crystals 
obtained better results, more lines characteristic of the SO 4 ion being recorded 
as also the low frequency lattice lines in copper sulphate and potash al um. 
Nevertheless, Nisi’s data were evidently incomplete In view of this, the 
present author has prepared and studied the Raman spectra of fairly large 
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crystals offerrous sulphate, ferrous ammonium sulphate, magnesium sulphate, 
zinc sulphate, manganese sulphate and potassium aluminium sulphate As 
the bands due to the water of crystallisation in the above sulphates were 
not recorded with sufficient intensity in the sfiectrograms of the single 
crystals, they were specially studied using Anantaknshnan's technique of 
complementary filters 

2 Experimental 

Preparation of large single crystals from solutions under thermostatic 
control was tried, but on account of the unsteady supply of electric current 
satisfactory results were not obtained Recourse was therefore had to the 
method of slow evaporation The crystallisations were carried out in an 
underground chamber, the temperature of which was found to be practically 
constant at about 27” C A specially designed glass frame was used to hang 
a nuclear crystal with a fine silk fibre A glass plate pul on the frame 
protected the growing nucleus from parasitic crystals 

For the study of the spectra of single crystals, a Hilger two-prism spectro- 
graph of high light gathering power, with a dispersion of about 28° A /m m 
in the 4358 region, was used For the study of the water bands a Fuess 
glass spectrograph with a dispersion of about 20° A /m m in the 4046 region 
was used Ilford selochrome plates with special backing were employed 
to record the spectra The plates were measured with the aid of a Hilger 
cross-slide micrometer and for comparison an iron arc spectrum was recorded 
alongside the Raman spectrum 

Some of the sulphates exhibited marked efflorescence This was remedied 
by protecting the polished faces from tarnishing by cover glasses attached 
with a trace of Canada balsam in xylene They also showed slight fluor- 
escence which could not be got rid of even after several crystallisations 

3 Results 

The Raman frequencies observed by the author in the case of the 
mtrates and sulphates are collected in Tables I and II The intensity maxima 


Table I 


Nitrates 

1 

Lattice OscilUtions 

Frequencies of the NOg ion 

Strontium 

109 

129 

142 

167 

184 

736 

1057 


1402 

1423 

(6) 

(1) 

(i) 

(2) 

(6) 

(4) 

(>2) 


(i) 

(i) 

Barium 

82 

134 


160 


728 

1047 

1383 



(8) 

(7) 


(5) 


(I) 

(12) 

(2) 



Lead 

92 


144 

160 


725 

1046 

1383 


1460 

(10) 


(2) 

(4) 


0) 

(12) 

(*) 


(1) 


A4 
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Table II 



*57 has a douUet structure 

measured for the bands of the water of crystallisation in the sulphates are 
separately listed in Table III The results of the study of the water bands of 

Table III 


Maxima of Bands of Water of 

Substance crystallisation Remarks 


FeSO«>7HiO 

3225 

(2) 

3337 

(2) 

3432 

(6) 

3543 

(3) 


MgSOt 7H,0 

3226 

(2) 

3285 

(3) 

3458 

(4) 


Nisi's results are 3227 and 3445 
(fed) Cf.v.d) 
Canals and Peyrot’s values are 
3230, 3322, 3404 and 3481 

ZnSOt 7H|0 

3207 

(1) 

3395 

(5) 



Canals and Peyrot report 3436 

MnSOt 7H|0 

« 

3399 

(3) 

3467 

(1) 



PNH,(SO«)| 12H,0 

3216 

(6) 

3285 

(6) 

3395 

(7) 


2527 2843 3090 are attributed 
(i) (0 (4) to NH« radical 

KAKSOdi 12H^ 

3114 

(1) 


3375 

(5) 


Niai‘s value is 3384 

Canals and Peyrot report bands 
2973 to 3207, 3377 and 3571 

NH|Al(SO«), 12H,0 



3368 

(6) 

3476 

(1) 

3105 IS assigned to NH« group 
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ammonium aluminium sulphate have also been included in this table, 
though the single crystal of this substance was not studied for the Raman 
effect Figs 2, 3 and 4 in the Plate are reproductions of the spectrograms 
obtained in the case of the nitrates, the sulphates and of the water of 
crystallisation respectively The intensities of the water bands recorded in 
Table III are relative to the arbitrarily assigned values of IS for the corres- 
ponding symmetric oscillation at about 980 cm of the SO 4 ion 


4 Comparison with earlier data 

Tables IV and V bring together the results of the present and of earher 
investigations Table IV shows that the low frequency lattice oscillations 
in all the nitrates have been recorded for the first time except in the case of 
the line at 160 cm~^ which Krishnamurti observed as ISS cm~^ for lead 
nitrate The frequency shifts of the fundamental oscillations of the NO 3 
ion measured by Krishnamurti agree fairly well with the author’s results 
Some of the feeble lines with high frequency shifts recorded by Ananta- 
knshnan were found missing in the author’s plates It would seem that 
for recording such lines the powder method may be actually more efficient 
than the single crystal technique 

Regarding the sulphates (Table V) it can be seen that Nisi’s results com- 
pare well with the present author's in many cases The lattice line reported 
by Nisi at 189 cm~’ m potash alum with 3125 6 and 3131 7 excitations 
in the ultraviolet region did not appear with 4358 excitation, though several 
new low frequency shifts were obtained for other sulphates without diffi- 
culty While Nisi reported only the single symmetrical oscillation in para- 
magnetic sulphates like ferrous sulphate, ferrous ammonium sulphate and 
manganese sulphate, the author has succeeded in obtaining all frequency 
shifts characteristic of the internal oscillations of the SO4 ion, including the 
split components of the degenerate lines The doubling of the symmetric 
vi frequency reported by Nisi for potash alum has not been confirmed by 
the author’s spectrogram No such doubimg is found either in ferrous 
ammonium sulphate, the other double salt examined in the present investi- 
gation 
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Discussion of Results 

2jow Frequency Lbies,— In the present study of the nitrates, all the crystals 
yield a number of low frequency lines These are very dear and strong, 
the intensity of the lowest frequent hne in all cases being not far bdow 
that of the symmetncal oscillation. This may be ascnbed to the very 
high optical anisotropy of the mtrate ion. In spite of the analogous crystal 
structure of the three nitrates, the lattice lines recorded are not identical 
either in frequency or in intensity It appears probable that the masses and 
refractivities respectively of the different cations have an influence on these 
features 

As a contrast, the sulphates yield only faint lattice lines This 
feature is not unexpected ; the sulphate ion having spherical symmetry, only 
small polarisabihty changes would result from its rotational oscillations in 
the crystal lattice 

Internal Osctllations.— The nitrates studied show generally a diminution 
of the frequency shifts from the lighter to the heavier metal and there appears 
to be no dependence of their values on the ionic volumes of the cations 
In the case of the sulphates, the frequency shifts of the pnncipal inactive 
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oscillation seems to sbow no relationship with either the atomic weight 
or atomic number As regards the degenerate oscillations, their splitting 
has been clearly recorded for strontium and lead nitrates 

Water of Crystallisation. — Anantakrishnan, Nisi and particularly Nayar 
(1938) have studied the Raman bands of water of ciystallisation in several 
crystalline hydrates However, among the sulphates studied here thd water 
bands have been recorded for the first tune in ferrous sulphate, ferrous 
ammonium sulphate, manganese sulphate and ammonium aluminium alum. 
The characteristics such as the relative intensity, breadth and the frequency 
shifts of the bands have been represented in the form of a chart in Fig. 1 
as has been done by Nayar It is found that there is no direct relationship 
between the characteristics of the water bands even in single sulphates hke 
those of iron, magnesium, zinc and manganese, though all of them have 
analogous crystal structure and contain the same number of molecules of 
water of crystallisation 

The author is indebted to Prof Sir C V Raman, Kt , F R s , n L , for 
his inspiring guidance and to Mr T M K Nedungadi for invaluable help 

6 Summary 

Using single crystals of strontium, banum and lead nitrates, several new 
low frequency lines have been recorded for the first time (see Table 1 in the 
paper). The sulphates examined in the form of single crystals have yielded 
all the frequency shifts characteristic of the internal oscillations of the 
sulphate ion, including some of the split components of the degenerate lines 
and also some new lattice frequencies The paramagnetic sulphates have 
been shown to behave exactly like the non-paramagnetic sulphates (see 
Table II in the paper). The features exhibited by the water bands do not 
show any obvious correlation either with the number of molecules of the 
water of crystallisation or the crystal structure of the solid (see Table III in 
the paper). 
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7 Introduction 

The: Raman efTect in crystals, as is well known, arises from an exchange of 
energy and momentum between the crystal and a photon traversing it, the 
spectroscopic results of such exchange difiering greatly in the two cases in 
which the vibrations of the crystal lattice following the encounter are res- 
pectively m the acoustic and optical ranges of frequency In a scries of 
papers which appeared in April and May 1940,^. -• ■* * Raman and Nilakantan 
put forward evidence indicating that such quantum exchanges of energy 
and momentum occur also when X-rays pass through a crystal If the 
excited vibrations of the lattice arc of the acoustic class, that is, in the nature 
of elastic solid waves traversing the crystal, wc have a diffuse scattering of 
the X-rays with relatively small alterations of frequency On the other hand, 
when the vibrations are of the optical class, their frequencies lying in the 
infra-red region, we have a reflection of the incident monochromatic X-rays 
by the lattice planes of the crystal with altered frequency in specific direc- 
tions which are, in general, dilTerent from those of the classical or Laue type 
of reflection The theory of these effects has been discussed by Raman and 
Nath in two papeis, 1940®-® The geometric law obeyed by these dynamic 
reflections has been shown to be 

2r/sini/rsm(d-l e) -«Asint> (1) 

(«- 1, 2, 3 ) 

where, d - the crystal spacing, 

2 0 - the angle between the incident and the reflected X-rays, 

t ~ the inclination of the dynamic stratifications to the static 
crystal planes, 

and & the inclination of the phase waves (planes of constant phase) 
of the lattice oscillations to the static crystal planes 

Though in the earlier X-ray literature references are found to “ extra-spots ” 
appearing in Lauc diagrams, the true nature of the phenomenon as stated 
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above was first indicated and estabbshed by Sir C. V Raman and his 
collaborators In view of this and especially of the formal analogy between 
the new reflections and the Raman effect in crystals, they will be referred to 
in the course of this paper as “ modified ” or “ quantum ” or “ Raman ” 
reflections to distinguish them from the well-known unmodified or classical 
reflections of the Laue and the Bragg types 

2 The Case of Diamond 

Though all crystals exhibit the phenomenon of modified X-ray reflection, 
the case of diamond is of extraordinary importance as it furnishes several 
crucial tests of the Raman-Nath theory of the phenomenon In the first 
place, as has been shown by Raman and Nilakantan (]940^ and 1941 ‘'), the 
directions in which the modified reflections of the (111) planes of diamond 
arc observed satisfy equation (1) in a very exact manner over a wide range 
of settings of the crystal, while they deviate widely from other formulae which 
have been proposed Further, the angle # comes out as identical with the 
angle between the octahedral and cube faces of diamond In other words 
the phase waves for the (111) reflection are parallel to the (100) planes, a 
most interesting result of which the physical significance becomes evident 
on an examination of a model of the diamond crystal While the (111) 
planes arc normal to the valence bonds joining the carbon atoms, the (100) 
planes bisect the angles between them, whereas both sets of planes contain 
the atoms belonging to the two interpenetrating lattices in separate layers 
interleaved with each other Thus it is not surprising that an osciUhtion 
of these two lattices, relative to each other, normal to the(lll) planes should 
have Its phase waves parallel to the (100) planes 

The present paper deals with the purely geometrical aspects of the modi- 
fied reflections by the (111) planes in diamond on the basis of formula (1) 
above Granting that 54'’44', in other words that the phase waves are 
parallel to the (100) planes, it follows immediately from considerations of 
symmetry that there should be three sets of phase waves, instead of one, 
namely, sets parallel to the (100) planes, the (010) planes and the (001) planes 
The consequences of this idea are followed out in the paper It is shown 
that they furnish a complete explanation of the phenomena of the streamers 
and the subsidiary spots accompanying the modified reflections (Raman 
and Nilakantan,’’^ 1940, 1941), as also the tripling of the spots observed 
in certain settmgs of the diamond by Jahn and Lonsdale* (1941) Various 
other consequences of the formulss are also worked out and found to be 
in accord with experimental facts 
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3 The circular shape of the Raman spots 

Before considering the phenomena of the streamers and subsidiary spots 
on the basis that there are three sets of phase waves as indicated above, 
we shall first consider the explanation of the fact that the modified reflec- 
tions by the (111) planes appear in general as round spots instead of having 
an elliptic shape as in the case of the Laue reflections We may put aside 
the suggestion — certainly not true in the case of diamond— that the round 
shape arises from any inherent “ diffusencss ” of the modified reflection 
If we accept formula (1) as rigorously correct, the modified refiections should 
be as sharp as the unmodified ones, and the difference in shape of the spots 
should be merely a consequence of the difference in the geometric laws 
obeyed by them We shall now proceed to show that this is actually the 
case 


While a Laue reflection occurs with ‘ white * radiation, the Bragg and 
the Raman reflections occur with monochromatic radiation In the Laue 
reflections neither the wave-length nor the angle of incidence is restricted; 
for the Raman reflections, owing to intensity considerations the wave-length 
must be considered as restricted while the angle of madence is variable 
For the Bragg reflections, both the wave-length and the angle of incidence 
are completely defined Consequently when the incident pencil possesses a 
conical divergence only a narrow diametral section of the cone, normal to 
the incident plane, is operative for a Bragg reflection, while the entire cone 
IS operative for the Laue and the Raman reflections For the Laue reflec- 
tion It 18 easily seen that the beam divergence in the incident-plane gets changed 
into a convergence while the divergence in the orthogonal plane is un- 
affected, thus rendering the spot eUiptical For a Raman reflection the 
total deviation (2 0) of the ray remains sensibly a constant for small changes 
in the angle of incidence so that the ongmal divergence of the beam re- 
mains unaffected by the reflection Hence the Raman spot is circular with 
Its diameter equal to the major axis of the Laue spot Of course, this can 
happen only if the cone be of uniform intensity or if the exposure is suffi- 
ciently long However, in practice the cone has a central intense core the 
intensity of the rest rapidly diminishing towards the edges Therefore, in 
general, the modified spot is not crisp at the edges and its size is less than 
that of the unmodified spot 

The above discussion holds good only for an infinitely thin crystal. 
The effect of a small finite thickness * I* of the crystal is to elongate the 
spots through a distance t tan 2 0, towards the direct spot 
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4 Reflection not in the plane of inadence 
The direction of the quantum reflection is found with the help of the 

sphere of reflection first introduced by Ewald The vector OI= 1/A repre- 
sents the direction of incidence and the vector IC represents the reciprocal 

lattice vector Ijd drawn normal to the crystal spacings concerned When 
the point C Ues just on the sphere of reflection drawn with O as centre and 
01 as radius, the Bragg reflection takes place and the angle OIC is the 
complement of the Bragg angle 6^ 

When 0, the glancing angle of incidence, is less than 6^, the end C of 

the vector 1 Jd lies outside the sphere No reflection is possible unless the 
phase waves creating the appropriate dynamic stratifications operate As 
mentioned in ^ 2, Raman and Nilakantan have shown for diamond that 
these phase waves are transverse to the plane of incidence and inchned at 
54° 44' to the crystal spacings when the incident plane is a plane of sym« 
metry — a (110) plane For such an incident plane the reciprocal phase vector 
Ti lies in It, and ORj the direction of the modified reflection, is also m 
the same plane (Fig 1) 



Fios la-\h 


Flo la ORi II in the direction of the Roman reflection odien the plane of ineideoce 
II a (110) plane ORi' ii the direction when the plane of incidence makei an angle x with the 110 
plane Fto \b ihowi the modified ipot Ri' out of the incident plane as would appear on a 
Idiotographic film normal to the ineidmt X>ray pencil. L ii the Lane ^lot. 
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However, when Ihc crystal setting is slightly changed so that the plane 
of incidence is no longer a plane of symmetry, the reciprocal phase vector 
Ti cuts the sphere of reflection at a point R/, which is not in the incident 
plane. Hence the Raman reflection whose direction is given by ORi' goes 
out of the plane of incidence 

The angle RiL R^' on the sphere is the angle between the intersections 
of the planes ICRj and ICR/ (the original and the final positions of the 
appropriate 1 10 plane of the crystal) with the surface of the sphere x i® 
angle between the planes iCRi and ICRj' If the angle RjL Rj' is denoted 
by we have 

tan X) ~ tan x 

where B is the inclination of the tangent plane at L to the plane orthogonal 
to both the incident planes This 0 happens to be the glancing angle of 
incidence itself The gnomonic projection Xp of Xj on the photographic plate 
normal to the incident pencil is given by 

tan Xfi tan x, cos 2 i/i - tan x sin 0 cos 2 0 

Raman and Nilakantaii actually looked for such a change in the posi- 
tion of the modified spot with change of the incident plane and their ob- 
servations arc in agreement with the above formula 

The occurrence of such a modified reflection out of the plane of inci- 
dence in agreement with the above geometric formula is a striking con- 
firmation, at least in the case of diamond, of the idea that the phase waves 
have a definite inclination and a/imuth with respect to the crystal spactngs 
giving rise to modified reflections 

5 Explanation of streamers and subsidiary spots 

That the ‘ streamers ’ and the subsidiary spots are consequences of the 
existence of three sets of phase waves parallel respectively to the (100), 
(010) and (001) planes was mentioned in §2 When 6 the glancing angle 
of incidence is difTcrent from 9j,, the three reciprocal phase vectors tj, n, rj 
corresponding to the three sets of phase waves naturally operate giving rise 
to modified reflections ti, tj and t, arc mutually perpendicular to each 
other and all are inclined at an angle of 54" 44' to the reciprocal lattice vector 

I jd To begin with we will consider the case 0> and when one set of the 
phase waves is transverse to the plane of incidence their inclination being 
towards the incident pencil This happens when the incident pencil is nearly 
along a trigonal axis, the reflection taking place from a set of (111) spacings 
normal to one of the other three trigonal axes In this setting n is in the 
plane of incidence and points nearly towards the centre of the sphere of 
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reflection Let n, r^, n cut the sphere of reflection at points Ri , R*, Rs 
The directions of the modified spots arc given by ORx, OR 2 and ORs If 
1C produced cuts the sphere of reflection at L, the direction of the Laue spot 
IS OL Ri is in the plane of incidence and is the primary Raman reflection 
The small finite divergence present in the incident beam makes 1C sweep over 
a small angle in all directions so that R^ is a nearly circular area while Rg 
and R 3 are two very elongated ellipses The appearance of these spots as 
will be recorded on a photographic plate normal to the incident pencil is 
represented in Fig 2 b 




Fio 2a Ti, T|, Ti are the three reciprocal phase vectors, Tj being in the plane of incidence 
The diagram represents the case 9 > 0h Fio 2h indicates the primary Ranun spot Rj and 
the two subsidiary spots R| and Rg as will be recorded on a photographic film normal to the 
mcident X>ray penal L is the Lauc spot 


When the angle 0 is further increased, C moves away from the surface of 
the sphere and the distance LRi as well as the size of the triangle R^ R, R, 
increases 

When the glancing angle 0 becomes equal to the Bragg angle 0^, C lies 
just on the surface of the sphere and the plane containing rg and is only 
slightly inclined to the surface of the sphere at C Tins inclination is nearly 
13° for the particular setting of diamond \te are considering, when copper 
radiations are used The small divergence of the mcident beam makes 1C 
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sweep over a small angle in all directions so that the vectors tj and t* cut 
the sphere of reflection over long arcs nearly at right angles to each other 
Every point on these arcs correspond to a possible direction of reflection 
so that we get four • streamers ’ when the modified spot is just on the Laue 
spot The appearance of the ‘ streamers ’ on the photographic plate is 
represented in Fig 3 b 



Fiqs 3a-ib 


Fio 3a Case 0 » 0i r« and Ts which are nearly on the surface of the sphere of reflection 
give rise to the streamers Flo. 3b shows the streamm as they appear on the photographic 
film normal to the incident pencil The Laue and the Raman reflections coincide 

On decreasing the angle of incidence 0 so that it is just less than 0^, 
the end C goes out of the sphere of reflection The Raman spot in the plane 
of incidence is given by R„ L being the position of the Laue spot r, and ts 
cut the surface in R, and Rg provided the distance of C from the surface 
of the sphere is very small Since the inclination of rg and rg to the surface 
of the sphere is small, the divergence of the incident beam moves R, and 
Rg over long arcs thus giving rise to the * streamers’. When C is fairly 
distant from the surface of the sphere the vectors rg and rg leave off the 
surface of the sphere and therefore the * streamers ’ disappear completely. 
This explains why the streamers are so sensitive to the crystal settuig. 

The disposition of the reciprocal phase vectors in the setting of Jahn 
and Lonsdale is diflerent from what we have been considering so far From 
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Fia Sa Shows tho relative disposition of the redprocal phase vectors m the Johir-Lonsdale 
•ettugforS >da Ti IS in the plane of incidence and meets the sphere of reflectim at Ri farther 
from the Lane direction L, than R| and Rf Fio< Sh indicates the triple ^ots m they appear on 
fria photoiiaidiie fifan. 
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a crystal model of diamond it is easily seen that the Jahn-Lonsdale setting 
IS obtained from the setting, so far considered, by a rotation of the whole 
configuration through 180® with I C as axis 

For 0 > 6^, C is inside the sphere and tj, cut the surface at the 
three points R^, Rj, Rj, Rj, the modified reflection in the plane of incidence 
being farther away from the Laue spot than the secondary spots Rj and Ra 
The small uncertainty in the direction of O C dile to the divergence of the 
incident pencil smears out the three reflections into partly overlapping spots, 
as all the three vectors ti, t^, are having practically the same 
inclination to the surface of the sphere (This is not so for the setting 
previously considered ) No streamers can occur when C is just on the surface 
of the sphere (ff~- 0^), for, all the vectors are considerably inclined (nearly 
35°) to the surface, while for the other setting, two of the vectors are in- 
clined at very small angles (about 9°) to the surface of the sphere When 
0 < 9^, C goes out of the surface and the disposition of Ri, R^, Rg changes 



Flos 6a-ib 


Fiq 6a Shows the reciprocal phase vectors in the Jabn-Lonsdale setting when e< is 
in the plane of incidence Fio 6b indicates the triple spots as they appear on the photognqihic 
film 

such that Ri, the modified reflection in the plane of incidence, is again farther 
from the Laue reflection than the subsidiary reflections The of the 
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triangle Rj R3 increases in either case with the distance of C from the 
surface of the sphere, le , as is increased These are just the pheno- 
mena mentioned in the Jahn*and-Lonsda1e note referred to before 


6 Quantitative Formula 

(a) The secondary spots appearing in the first setting — We will denote 
the modified spot in the plane of incidence by Rj and the other two by R,, 
R3 (Fig 2 a) When Ri is near the Laue spot the normal to the plane 
Ri R2 R2 from C is inclined at an angle 


with the reciprocal phase vector tj giving rise to R, Since CRi, CRj and 
CR3 are mutually perpendicular, the angle R3RiRs=2a is given by 


- 1 — cos* A 

cos 2 a - 


As the spots are recorded on a photographic plate held normal to the inci- 
dent ray, we are interested in the gnomonic projection of this angle on the 
plane tangent to the sphere at I If 2 ap be the value of this angle we have 

tanajj=tano cos2>li, 

where 2 i/r is the angle between OI and ORi For diamond & ^ 54® 44' 
for the (111) reflection of copper radiation 21® 58' When the crystal 
IS near the Bragg setting 0+ is practically 2 Substituting these values 
lap works out to be nearly 71® As 0 increases 2 0 also slightly increases 
so that the angle 2 ap decreases as we move more and more from the Bragg 
setting 

The distance Ri Ra or R^ R3 is easily calculated in terms of the distance 
of C from the surface of the sphere of reflection. Let the directions of the 
vectors Ti, Ta, T3 be taken as the co-ordinate axes Then the direction cosines 
of p, the normal drawn from C to the plane RjRaRa arc cos A, 


sm A cos and sin A sin ^ Hence, 

“ P (sli^ ’ 

Now p = j(® — ^b) cos 0. 

Therefore the angular distance, between the mam Raman spot R^ and one 
of the subsidiary spots, is 


A6 
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From equation (1) it can be shown with a little manipulation, that the 
angular distance of the mam Raman spot Rj from the Laue spot is given by 

LORi - 2 (0 — 0J,) (1 + cot ^ tan ff)-^ 

Hence the ratio of the angular distance between the mam spot and a sub- 
sidiary spot to that between the mam spot and the Laue spot simplifies on 
substituting the values involved m the copper K, reflections from the (111) 
planes of diamond to the approximate value 

0 68 cosec A 

A is as before (90° - 54' 44' — ff) and is taken as small in the simplifica- 
tion When 6 - 23“ 12' for which the subsidiary spots are distinct, this ratio 
is nearly 3, a value which agrees very well with the experiments of Raman 
and Nilakantan The formula also shows how the size of the tnangle 
formed by the three spots increases as the distance of the mam spot from the 
Laue spot is increased 

(b) The streamers — When 6 is just less than 9^ the vectors t 2 and 
are very little inclined to the surface of the sphere (Fig 4) The inclination 
of the plane contaimng t* and ts to the surface of the sphere at Rj is as 

before A = ^ — &—0 


Due to the small divergence hd in the plane of incidence the end point C 
of the vector I C moves through a distance I C 80 Consequently the vectors 
n and rg sweep out arcs on the sphere of reflection and these arcs determine 
the streamers The angle 2 a between the streamers is as before given by 


cos 2 a = 


— cos* A 
-t- cos* A 


The gnomonic projection of this angle on the photographic plate is given by 

tana^=tana cos 2^. 

Substituting the appropriate data for diamond, we get lap to be nearly 
71° which IS in good agreement with the observed value of about 69° 

The length of the streamers for an uncertamty 80 in the orientation of 
the reciprocal lattice vector , — i e , for a divergence of 80 in the incident beam 
IS calculated as follows The angle yS made by the vector rg or rg with the 
surface of the sphere at Rg is given by 

sinjS»sin A'sm 

When the end of the vector I C is lifted above the surface of the sphere of 
reflection, the vectors rg and rg cut through the great circles contaimng 
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them The angle y of the arc cut on one of them as a result of this hft is 
given by 

y(/3~0=^cos<?B8<?, 

where 80 is the angle through I C is rotated, A and d being the wave-length 
and the crystal spacing respectively Substituting the values for the reflec- 
tion of Cu Ka radiation from the (111) planes of diamond, we obtain 

y~ 4 580 

Hence a total divergence of one degree in the incident beam will produce 
a streamer about 4 5 degrees long The height of the segment of the great 
circle containing tj, above the vector t 2 , in the correet Bragg setting is only 

Therefore when ( 1 /t/) cos 0 ( 0 ^— 0 ) is equal to this quantity, the vectors 
t 2 and T 3 are lifted cleanly off the surface of the sphere and the streamers 
disappear completely The magnitude of (0 b - 0) — the angular tilt of the 
crystal from the correct Bragg setting — required to bring about this dis- 
appearance of the streamers works out to be nearly 2 “ for the diamond case 
we are dealing with 

(c) The spots in the Jahn-Lonsdale setting — In this setting the triangle 
formed by the components of the triple spot has its apex in the plane of 
incidence and always away from the Laue spot (Fig 5) The angle made by 
n with the normal to Ri R 2 R 3 is given by 

+ 0 -*, 


(while for the other setting it is 2 — 0 —^) The angle R 8 fi. 2 R 8=2 a' is 
given by 


cos 2 a' » 


1 — cos * B, 
1 + cos^ S 


If 2 a'p be the gnomonic projection of this angle on the photographic plate, 

tan a! p SB tan a cos 2 tfi, 

where 2 ^ is the angle between the incident pencil and the modified reflection 
in the incident plane Substituting the data for the particular case of diamond 
we are dealing with, 2 a'p works out to be about 42**, when 0 ~ 0 b is small 
As 0 — 03 changes sign there is no change in the angle R 2 R 1 R,, but how- 
ever, the triangle gets inverted. 
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The angular distance RiRg is given by 

^ (0- cos e , 

and the angular distance L Ri is nearly equal to 

2 (0- <?b)( 1 - cot # tan 9) > 

Therefore the ratio of RjRj to LR^ is, to a first approximation, 

° (sin^B Msrs) ■ 

For settings near the Bragg setting this works out to be nearly 0 60 The 
photograph appearing in the Nature note by Jahn and Lonsdale suggests 
this value 

My sincere thanks are due to Sir C V Raman, f r s , for his invaluable 
help in the course of this work In addition, I wish to record my thanks 
to Dr. P. Nilakantan for his very useful suggestions 

7 Summary 

The paper deals with the purely geometneal aspects of the Raman reflec- 
tions from the (111) planes of diamond based on the Raman-Nath formula. 
The round shape of the spots obtained over a wide range of the setting of 
the crystal as contrasted with the elliptic shape of the Laue reflections is 
explained as a purely geometneal consequence of the divergence of the 
incident pencil and the special law of the reflection. The appearance of 
quantum reflections outside the plane of incidence in cases when it is not 
a plane of symmetry is worked out quantitatively and the agreement with 
observation is a striking evidence of the definite onentation of the phase 
waves associated with the lattice vibrations m this case From considera- 
tions of symmetry three sets of phase waves, parallel respectively to the three 
(100), (010) and (001) planes, are postulated instead of the only one trans- 
verse to the plane of incidence The streamers and the two subsidiary spots 
accompanying the modified reflection (Raman and Nilakantan), their behav- 
iour with changes of the crystal setting, the tripling of the spots in a particular 
setting (Jahn and Lonsdale), its changes with changes in the angle of 
incidence— all these different phenomena are shown to be geometrical con- 
sequences of the above idea.’ The various quantitative formula derived are 
found to be in accord with experimental facts. 
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THE BRIGHTNESS OF THE ZENITH SKY 
DURING TWILIGHT 

By M W. Chiplonkar, M.Sc 

Received June 14» 1941 
(Communicated by Dr K. R* Ramanathan) 

A DETAILED application of Rayleigh’s theory of molecular scattenng of light 
to the problem of day-sky illumination was made many years ago by L V. 
King^ who obtained results which m their main features were borne out by 
the observations of the Smithsonian workers. Gruner^ in a senes of papers 
extended the application to include not only low angles of the sun above 
the horizon but also considered early twilight, when the sun is a few degrees 
below the horizon. He also made actual observations of the changes in 
colour of the various parts of the sky during twilight Ramanathan^ made 
calculations of the intensities of different parts of the sky, for a high level 
station (Simla, 7000 ft above sea level) and for early twilight based on the 
assumption that the phenomenon of twilight is due to the scattering of 
sunlight by air molecules and the results agree as well as may be expected 
with Dorno's observations of sky brightness made in clear weather in 
Switzerland 

Recently Fessenkoff* and Link* have extended the application a step 
further and tried to connect the measured brightness of the zenith sky when 
the sun is below the horizon, with the density of air at different levels in 
the upper atmosphere. More recently, Hulburt* has made a similar attempt 
to derive the distribution of air density with height by photometnc measure- 
ments of the brightness of the zenith sky and the luminous flux across a vertical 
plane from the twilight horizon 

In 1937 a simple photometer was developed at the Colaba Observatory, 
Bombay, in order to carry out measurements of the intensity in the visual 
region of the zenith sky during twibght An account of the work done 
IS given below; and a tentative distribution of temperature with height in 
the upper atmosphere is deduced assuming the scattenng at the tune of 
twilight to be mainly pnmary scattenng 
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I 

I 



Fio 1 


5— Screen coated with magncMum ox de 
<4— Aperture in the dome 
Metal cylinder 

X— Ihe position of the eye or the observer 
r— Black cloth 
F— Colour filter 

Experimental 

Fig 1 shows a diagrammatic sketch of the experimental arrangement 
set up for making visual photometric measurements of the zenith sky A is 
a rectangular hole in the top of the dome D, through which the scattered 
light from the zenith sky is let into the dark room After passing down the 
two tubes T' and T, it is reflected in a horizontal direction by means of a 
right-angled prism P so that the observer, with bis eye at X, could view 
a portion of the zemth sky and follow the gradual changes in its brightness 
The details of the photometer are shown in Fig 2. A small electric lamp 
run on a six volt accumulator illuminates the screen S, coated with magne- 
sium oxide and supported by means of thin wires in the centre of the tube T. 
The current in the lamp can be varied conunuously, so that the illumination 


W -Wall 
D - Dome 
B - Stone pillar 
r— Wooden tube 
r'— Metal tube 
P—Rcflectmg prism 
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on the screen vanes from zero to^a certain maximum value A precision 
milliammeter in the circuit indicates the current Thus the current reading 
IS a measure of the illumination on the screen and in turn when matched 
against the sky, of the brightness of the sky. 



5— Screen coated w.th magnesum oxid: /^Colour filter 

r— Wooden tube C— Black cloth 

ejecting pnsm JL— Electrc lamp 

Measurements were taken with two colour filters, red (Schott and 
Genossen ROi, 2 < 1 mm ) and green (Schott and Genossen VGi, 2 0 mm ) 
which were brought in turn in the horizontal path of light Tlie field of 
view is shown as an inset at V in Fig 2 The metal tube T', the wooden 
tube T, and everything else inside the photometer which could scatter light 
were painted dull black to ensure against stray reflections 

Readings were taken with this arrangement on every clear and moonless 
evening during the period December 1937 to March 1938. The illumination 
caused bv the lamp even at its brightest was far too weak compared to the 
scattered light from the zenith sky, until the sun sank a few degrees below 
the horizon. The first reading could therefore be taken with the red filter 
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only when the sun was below the horizon by about S°, and with the green 
filter, by about 6°. In order to accustom the eyes to the very feeble light, 
the observer used to keep himself in the dark for about ten minutes before 
starting the measurements and it was possible to continue the measure- 
ments well into the night. 



Calibration of the electric lamp — ^The electric lamp of the photometer 
was standardised in the laboratory against a Kodak acetylene lamp, using 
the same two colour filters For this purpose, a simple arrangement shown 
in Fig 3 was adopted S' is a rectangular metal screen bent sharply at right 
angles in the middle, and coated with magnesium oxide on the outside. 
The two sides of the screen were illuminated normally by the two sources 
under comparison and were observed from O, through each filter in turn. 
The distance between the acetylene lamp Li and the screen S' was changed, 
while a corresponding change in the intensity of the lamp Lj was made by 
varying the current in it till the two portions of the screen were matched 
Thus the readings of the currents flowing in were converted into corres- 
ponding values of K/r* where r is the distance between Lj and S', and K is 
a constant depending upon the candle power of the lamp Li, the transparency 
of the colour Alter used, the sensibility of the human eye for the particular 
colour and the reflection coefflcient of the screen S'. In the earher stages 
of the calculation, values of 1/r* only were used; these were later multiplied 
by K. Calibration curves were drawn for the two colour Alters and used 
for converting the daily readings of the current into mtensities. 

For every day of observation two curves, one for each Alter, were drawn 
showing the variation of log 1 /r* with time In order to And a mean curve 
for all days of observations (the individual curves show little change from 
day to day) the abscissa was changed from time qfter sunset into ‘ depression 
of the sun below the horizon tn degrees * The two mean curves thus derived 
are shown in Fig. 4 
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T IG 4 

Conversion to absolute values —In order to find the value of K the 
following procedure was adopted Since the candle power of the Kodak 
acetylene burner is 1 552, the illumination at the Magnesium Oxide screen, 
placed at a distance r from it, is 1 and its brightness 1 552 x 0 97/wr* 

candles cm 0 97 being the coefficient of diffuse reflection (or albedo) of 
the magnesium oxide screen This brightness will be reduced when the screen 
IS viewed through the green filter owing to a number of causes, by a frac- 
tion which can easily be calculated from — 

(1) the known transmission coefficients of the filter for different wave- 
length regions, 

(2) the distribution of energy in the spectrum of the source, and 

(3) the luminosity (visibility) curve of radiant energy 

It was found by graphical computation that the factor by which the intensity 
of illumination of the acetylene lamp was reduced by the green filter was 
1/5 35 Thus the brightness of the screen at a distance r will be 1 552 
X 0 97/5 35 X nr®, candles cm -®. The constant K referred to above is thus 
equal to 1 552 x 0 97/5 • 35 x 3 • 14 = 0 0896 (for green filter) 

Thus multiplying by 0 0896 we get the values of the brightness in abso- 
lute units, of the zenith sky for different depressions of the sun below the 



The Brightness of the Zenith Sky during Twilight 75 

horizon The corresponding value of K when the red filter is used is 
0*0664 The values of brightness are given in columns 5 and 6 of the follow- 
ing table 

For the sake of companson, the absolute values of the brightness of the 
zenith sky measured at Bombay and those measured by Link^ at Rysy 
(2300 m ) are brought together in the following table The original values 
of Link were expressed in magnitudes taking the sun as the standard They 
have been converted into magnitudes taking the standard candle as the 
standard (column 3) and then expressed as logarithms of the ratios of the 
brightness of the zenith sky (/„) to that of a standard candle at a distance 
of one metre (/^) (column 4). It is assumed^ in these calculations that the 
star magnitude of the sun is — 26 7 and that of the standard candle at a 
distance of one metre is — 14 2 


Table I 


Depression of | 
the sun below 
horizon in 
degrees 

Measurements at Rysy | 

1 Measurements at Bombay 

Brightness of the zenith sky 
persq degree in the green 

10 magnitudes relative to — 

— 0 4m - 

Logarithm of (brightness of 
the zenith $k> /brightness of 
the standard candle) 

the sun 

1 

the standard 
candle 

Green 

Red 

6 

22 85 

10 35 

5 8600 

5 3311 

6 7897 

7 

24 35 

11 85 ' 

5 2600 

6 8211 

6 2543 

8 

25 60 

13 10 

6 7600 

6 3811 

7 7674 

9 

26 65 

14 15 

6 3400 

6 0181 

7 4786 

10 

27 50 

15 00 

6 0000 

7 7051 


11 

28 35 

15 85 

7 6600 

7 4921 


12 

29 05 

16 55 

7 3800 

7 3101 


13 

29 70 

17 20 

7 1200 

7 1651 


14 

1 



7 0541 


IS 




i 9791 


16 




i 9521 



When the sun is 6” below the horizon the zemth sky at Rysy appears 
to be much brighter (about 3 38 times) than that at Bombay This ratio, 
however, gradually gets less and less upto about 12** At 13% the zenith 
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sky at Bombay becomes slightly bnghter than that at Rysy The brightness 
of the zenith sky at Bombay in star magnitudes when the sun is 16° below 
the horizon is given by — 0 4m =8 9521=— 7 048, that is, m = 17 6 

In Table I of his paper “ Sur les variations de la bnlhance du ciel noc- 
turne ” Jean Dufay* has given a number of values of the brightness of the 
night sky for different seasons of the year, measured during the period 
1922-1926 The values are expressed in photographic star magnitudes 
The mean of all these values is 4 31 photographic star magnitudes This 
has to be increased by 0 25 in order to get the visual star magnitudes, viz , 
4*56. Comparing as before with the brightness of the standard candle, 
we obtain for the brightness of the night sky in visual star magnitudes 
4 56+ 14 2- 18 76 

Similar measurements of Bauer, Danjon and Langevin^ at Mont Blanc 
give a mean value of 4 27 for the brightness of the zenith sky in terms of 
visual star magnitudes per square degree, when the sun was 25-29° below 
the horizon With reference to the standard candle at a distance of one 
metre this becomes 18 47 

Both these estimates of brightness are much smaller than Link’s value 
of 17 2 at 13°, and the present measurement of 17 6 at 16°, although 
in both the latter measurements part of the radiation is cut out by the green 
filter used 

Calculation of upper air temperatures — ^The curves of Fig 4 showing 
log 1/r* against the depression of the sun below the horizon can be utilised 
as shown by Link to deduce approximate values of upper air temperatures 
assuming the composition of air to remain constant with height Let p be 
the pressure at height k, in the atmosphere When the scattering of sunlight 
IS confined to the air above h, b, the brightness of the zemth sky may be taken 
to be proportional to p, which is proportional to the air mass above Let 
h change to (A + dh), p to (p— dp), and b io{b— db) Then we may write 

dblb = dp!p (1) 

Also dp can be expressed as 

dp=*^ — gpldh = — gpm d A/RT 

where T is the average temperature of the layer db, m, the mean molecular 
weight of air, g, the acceleration due to gravity and R, the gas constant 

Therefore, 

dp\p = -gm' rfA/RT. (2) 

Also, A = r (sec ^ — 1 ), where r is the radius of the earth, and B the depression 
of the sun below the honzon. Therefore, dh=‘ r sec 6 tan B dB, 
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Substituting this in (2) and using (1) we get 

dhjb — dpjp ~ — mgr sec 9 tan 9 </0/RT 
or 

1 jb dbjdd = - J3 sec 6 tan 9, where ]8 = mgrjKT 

This last relation has been used by F Link to derive the density distri- 
bution in the uppei air It ‘shows that /3 represents the slope of the curve 
obtained by plotting 1 jb dbjdB against sec 0 tan 0 Further since p =- mgr (KT 
wherein all the quantities except m and T are known, we can deduce the 
values of T if we assume m to remain constant 


KM 



Fig 5 

The distribution of tem'eraturs with height in the upper atmosphere 
Continuous curve obtained from the twilight measurements at Bombay 
Broken curve according to Godfrey and Price 

As the brightness of the zenith sky could be measured over a much 
longer period with the green filter than with the red, a rough estimate of 
the distribution of temperature with height was deduced from the green 
curve only The results are shown in Fig 5 For the sake of comparison 
the distribution of temperature with height based on different experimental 
and theoretical considerations given by Godfrey and Pnee^ is shown in the 
same figure In piecing together the latter curve, information from widely 
different sources such as balloon ascents, propagation of sound waves, 
earth’s magnetism, oscillations of the free atmosphere, observations of the 
meteors, and reflections of the radio waves, has been utilised On the other 
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hand the former curve, although based on the results of a single scries of 
experiments, covers a considerable range of the atmosphere and brings the 
principal feature of the other curve However, since at any time large 
thicknesses of the atmosphere are involved in scattering the sunlight and 
since the calculated result depends on the estimate of the rate of variation 
of the brightness, it is to be expected that the temperature distribution 
curve based on the observations of scattered light** will lack in details. 
Moreover, the effect of secondary scattenng has been neglected 

My thanks are due to Dr K R Ramanathan of the India Meteorolo- 
gical Department for having suggested the problem and providing the neces- 
sary facilities for work at the Colaba Observatory, Bombay, during the 
year 1937-38 

Abstract 

A visual photometer is described for measuring the brightness of the 
zenith sky during twilight The results of measurements made with it at 
Bombay on a large number of clear moonless evenings during the period 
December 1937 to March 1938 are discussed A red filter RGj (Schott and 
Gen ) and a green filter VG^ (Schott and Gen ) were used With the latter. 
It was possible to continue observations even when twilight conditions had 
completely ceased The variations in brightness agree with a relation pro- 
posed by Link, namely, dljl =■ /S sin 0 sec® 6dd, where I is the brightness 
of the zenith sky, 9 the angular depression of the sun below the horizon 
and j? a constant If the brightness is due only to primary scattering from 
the atmosphere illuminated by sunhght, it is possible to connect p with 
the temperature of the atmospheric layer responsible for the scattenng 
The difficulty however is to ascertain to what extent secondary scattenng is 
important. 
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Lallemantu ROYLEANA Benth commonly known as TMm-i-malanga, 
IS an annual herb belonging to the Natural Order of Labiatae It is culti- 
vated throughout Northern India for the sake of its highly medicinal and 
mucilaginous seeds which are widely used as remedial agents in vanous ail- 
ments and also as an added palatable ingredient in coohng drinks and ‘ sher- 
bets*, chiefly by the Muslims 

The seeds are about 1/12 inch in length, 1/16 inch in breadth, dark-brown 
to black in colour, smooth, three angled and tapering towards the umbelhcus 
which IS marked by a tiny white spot. When moistened with water, the 
seeds become coated with a voluminous and transluscent mucilage The 
taste of the moistened seed is bland and somewhat spicy 

According to Day,^ a poultice of the moistened seeds is found useful 
in abcesses and inflammations They arc considered to be cephalic, 
astringent, cardiac tonic and carminative by Dymoch * Kirtikar and Basu’ 
describe the seeds as cooling and sedative 

The chemical constitutents of the seeds which impart to it the medicinal 
properties described above are not known, and the seeds do not seem to have 
been chemically examined as yet In the present investigation the seeds have 
been found to contain 10 8 per cent of a fixed oil, and one should not be sur- 
prised if this oil IS responsible for their medicinal properties 

Experimental 

5 Kilos of the crushed seeds were extracted by hot benzene in a large 
extraction flask, and after removal of the solvent by distillation, the crude 
fixed oil was left behind as a bottle green and somewhat opalescent liquid 
It was purified by treatment with animal charcoal and Fuller’s earth and was 
ultimately obtained as a transparent light green oil. On further examination 
it was found to be a semi-drying oil having the followmg physical and chemi- 
cal constants . 

80 



Suds of Lalleinantia royleana BsHth, or Tukhm-i'inalanga 81 


Table I 

Physical and Chemical Constants of the Oil 


Spea&c gravity at 32* C 0'916Z 

Refractiveiadexat30°C . 1 4212 

Acid value . 2 07 

Saponification value 191'20 

Acetyl value . Nil 

Hehner value 89'3 

Iodine value 108 3 

Unsaponifiable matter 0 28% 


250 Grams of the oil were saponified in the usual manner with alcoholic 
caustic potash and the soap thus formed freed from the solvent and dried in 
the steam oven It was then extracted exhaustively with ether m order to 
recover the unsaponifiable matter After this it was decomposed with dilute 
hydrochloric acid in presence of petroleum ether and the petroleum ether 
solution of the fatty acids freed from the solvent by distillation The fatty 
acids obtained m this way had the following physical and chemical constants 


Table II 

Physical and Chemical Constants of the Mixed Fatty Aads 
Consutency . . liquid at 20* C 

Specific gravity at 22* C 0*9128 

Rfi&aetive index at 30* C t *4102 

Neutralnation value 202 

Mean molecular weight .. 277*9 

Iodine value . 122 


The mixture of fatty acids were then separated into saturated and un< 
saturated acids by Twitchell’s* lead salt method and the following table gives 
the percentage, iodine value and the mean molecular weight of the saturated 
and unsaturated acids — 

Table III 


Saturated and Unsaturated Acids 


Acid 

% in mixed 


Neutral- 1 



acids 

IV 

isation 

MeanM W 

SatimMd 

1 14*3 

10 5 

211*5 

264 8 

Unuturated 

85-7 

140 6 

199*7 

280 3 


Examination of the unsaturated acids — The constitutents of the unsatur* 
ated acids were determined by the method originally suggested by Eibner 

AS e 
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and Muggenthaler^ and later on worked by Jameson and Baughman * 
According to this method the bromine addition products of the unsaturated 
acids were prepared and separated as follows — To a known weight of the 
unsaturated acids dissolved in dry ether and cooled to— 10° C bromine was 
added slowly until it was in slight excess During the process of bromina- 
tion the temperature was not allowed to rise above— 5° C The mixture was 
then allowed to stand at— 10° C for two hours The hexabromide of lino- 
lenic acid that was precipitated was filtered off and washed with dry ether, 
dried and weighed The melting point of the hexabromide was found to be 
176° C From the weight of the hexabromide and the knowledge of the per- 
centage of bromine in it, the weight of linolenic acid was calculated and its 
percentage determined The ethereal solution consisting of the filtrate and 
washings from the above was treated with an aqueous solution of sodium 
thiosulphate in a separating funnel and the excess of bromine was thus removed 
The ethereal solution was then dehydrated with anhydrous sodium sulphate 
and the ether removed completely by distillation The residue was taken up 
with about 250 c c of dry petroleum ether, and the solution kept overnight in 
a refrigerator On standing, no precipitate was obtained showing the com- 
plete absence of linolenic acid hexabromide The petroleum ether solu- 
tion was concentrated to about 50 c c by distillation and again kept in the 
refrigerator, but this time also no precipitate was obtained The petroleum 
ether was then completely distilled off, the residue weighed and its bromine 
content determined by the usual methods The percentage of bromine was 
found to be 36 ’4 thereby showing the complete absence of linolenic acid In 
fact the residue was completely oleic acid dibromide From this the weight 
of oleic acid was calculated The following table shows the results of the 
examination of the bromine addition products 

Table IV 

Examination of the Unsaturated Acids 


Weight ofthe acids taken IS 0 gm 

Weight of linolenic hexabromide 12 09 „ 

Percentage of bromine in the above 63 6 „ 

Melting point of the bdxabromide 176* C 

Weight of linolenic acid . 4 S6 gm 

Weight of residue 16 4 „ 

Percentage of bromine in the above 36 4 

Weight of oleic acid 10 4 gm. 

Percentage of Imolenic acid in the unsaturated aads . 30 4 

Percentage of linolenic acid in the mixed adds 26* 1 

Percentage of oleic acid in the unsaturated aads 69 3 

Percentage of oteic aad in the mixed acids . . 59 4 
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The proportions of oleic and linolenic acids in the unsaturated acids were 
also determined from the iodine value of the mixture and they practically 
coincided with those found from the brommation products 

Exammatton of the saturated acids — For the separation of the consti- 
tuents, the mixed saturated acids were converted into their methyl esters by 
the usual methods, and the esters distilled under reduced pressure (6 S mm ). 
Two main fractions (Nos. 1 and 2) distilling at 170-75" C and 1 75-80" C 
were obtained and from 1 7 gm of the ester taken for distilliation, the weight 
of the fractions were 1 1 02 and 5 6 gm respectively The following table 
shows the results obtained at a glance 

Table V 


Examination of the Saturated Acids 


Fract No* 

I 

IV 

1 i 

Mean M W 

Palmitic acid 

Stearic acid , 

Unsaturated acid 




gm 

% 

gm 

% 

gm 

% 

1 

3*4 

271 


904 

0 2 

1 6 

0 3 

2-3 

2 

21 9 

292 1 

1 1 

20 0 

3 38 

59 6 

0 86 

IS 4 



Total 

11 2 


3 58 


M6 



The percentage of various acids in the mixed saturated acids is given 
below 


Table VI 



1 

Percentage m the 

Percentage in the 

Acid 

' saturated acids 

1 

mixed total acids 

Palmitic 

1 

70 5 

10 09 

Stearic 

22 6 

3 23 

Unsaturated * 

7 2 

1 03 


Examination of the imsaponifiable matter — ^The unsaponifiable matter 
obtained from the soap was found to be ordinary sitosterol, meltmg at 
133-34® C The acetyl derivative melted at 120" C 

Summary and Conclusions 

The fixed oil from the seeds of Lallemantia royleana Benth has 
been isolated in an yield of 10 8 per cent, by extraction with benzene. 
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Further examination of the oil revealed the presence of the following 
fatty acids 

% 


Linolenic acid 

26 

1 

Oleic acid 

59 

4 

Palmitic acid 

10 

1 

Stearic acid 

3 

2 

Unsaponifiable matter 

0 28 


(Sitosterol) 


1 Kirtikar and Baau 

2 Dymoch 

3 Kanay Lai Dey 

4 Twitchdl 

5. Eibner and Muggenthaler 
6 Jameson and Boughman 
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7 Introduction 

In a previous paper the author (1939) has described and explained the 
features observed in the Fresnel diffraction by the edge of a thin film of 
silver bounded by a sharp edge It was found that the position and 
visibility of the diffraction bands on the “shadow*' side of the pattern 
varied in a remarkable manner both with the thickness of the film and 
the wave-length of the incident light The sequence of changes desenbed 
could be explained by considering the interferences between the plane wave 
transmitted by the film and the cylindrical wave radiated by the edge, the 
phase and intensity of the former being determined by the thickness of the 
film and the wave-length of the light Since the optical properties of silver 
show marked changes with wave-length, particularly in the region of selective 
transmission, it was thought worth-while to study, in a systematic manner, 
the corresponding changes in the diffraction patterns The use of the spectro- 
scope affords a simple and elegant method for such a study It is known 
from the early observations of Stokes (1862) and from the extensive measure- 
ments of Minor (1903), that silver shows a charactenstic variation in its 
optical constants in the vicinity of its sharp transmission band in the region 
of 3250 A U This property of silver has been the subject of several interest- 
ing investigations [c g , Rayleigh (1930), de Selincourt (1925), Wood (1934), 
etc ] It IS to be expected, therefore, that a spectroscopic examination of 
the diffraction patterns due to thin silver films should exhibit interesting 
features. These have been investigated by the author in the present work. 

a 

2 Experimental Arrangements and Results 
Sliver films of the desired thicknesses terminating in sharp boundaries 
were prepared by the technique described in the earlier paper Since the 
spectroscopic examination had to be made in the ultra-violet region, the 
metal was deposited on fused-quartz plates With the edge of the film kept 
horizontal, the pattern formed in the light from a hydrogen-discharge tube 
with a quartz end-plate, was allowed to fall on Uie vertical sht of a quartz 
spectrograph such that the shadow of the film covered half the sht The 
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portion of the pattern limited by the slit is spread out into a spectrum and 
the spectrograms show the variation m the intensity and disposition of the 
bands over the whole ultra-violet region where the spectrum of the hydrogen- 
discharge, as is well known, is continuous The changes observed in the 
region of high selective transmission for silver lying in the vicinity of 3200 A U 
are shown in Figs 1, 2 and 3 in Plate VI, for three different thicknesses 
of the film Fig 1 corresponds to a very thm film which appeared pale 
brown in transmitted light Fig 2 is due to a film which gave a blue trans- 
mission while Fig 3 IS due to a thick film which was practically opaque to 
an incandescent filament 

Changes in the mihility of the fringes ~ The photographs of the diffrac- 
tion patterns show several interesting features It is found that, in alt the 
three cases, the fringes on the ultra-violet side of the transmission band are 
fewer in number than m the visible spectrum This is most clearly shown 
in the case of film No 2 in which the pattern is well discernible on either 
side of the transmission band As has been mentioned in a previous paper, 
the intensity of the transmitted light determines the “visibility” of the 
fringes there being a large number of fringes of high visibiUty when the 
intensity of the transmitted light is sufficiently low It is thus evident from 
the photographs, that the transmission of light by a silver film is more on 
the ultra-violet side of the transmission band than in the visible spectrum 

Considerable changes in the visibility of the fringes are noticed in the 
vicinity of the transmission band itself In the case of the thinnest film 
the first dark fringe is that which is the best visible throughout the spectrum, 
indicating at the same time an increased visibility towards the ultra-violet end 
The film of medium thickness shows a peculiar change in the visibility of 
the first dark fringe On cither side of the transmission band the fringes 
exhibit maximum visibility, m the region of transmission, however, the 
visibility IS very low and the fringes are scarcely Msible Consequently, the 
pattern appears discontinuous in this region This indicates that in the neigh- 
bourhood of 3200 A U the intensity of the light transmitted by this film 
IS so great when compared with that of the light diffracted by its edge that 
the destructive interference between the two is ineffective The thickest film 
shows some features which are not exhibited by cither of the two thinner 
films In the first place, the first dark fringe happens to be the best on the 
ultra-violet side of the transmission band As we approach the band, the 
visibility gradually falls off to a minimum at the transmission band As 
we proceed farther towards the violet side, the visibility increases suddenly 
but again falls rapidly to such low values that the fringe is barely visible ' 
The pattern, however, no longer appears discontinuous The visibility of 
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the second dark fringe is found to be a maximum just where the first dark 
fringe has ceased to be clearly visible These changes of visibihty are a 
direct consequence of the feebleness of the transmitted light as well as its 
peculiar distribution in the spectrum, thus, a general idea of this distnbu- 
tion IS obtained from an examination of the diffraction pattern 

Disposition of the hands — A remarkable feature exhibited by the photo- 
graphs, IS the sudden bend in the diffraction bands towards the shadow ” 
side of the pattern, when we pass from the visibile to the ultra-violet region 
of the spectrum This bend occurs at the region near 3200 A U , there being 
a point of inflexion almost at the transmission maximum This effect is 
best shown by the first dark fringe On the ultra-violet side of the trans- 
mission band the fringes appear to have been shifted away from the edge, 
showing thereby that in its transmission through the silver film the light has 
undergone a retardation of phase which takes place rather abruptly at the 
transmission maximum and continues to persist on the ultra-violet side 
Though all the three films thus behave similarly, the extent of the phase 
changes described, depends on the thickness of the film Thus with the 
thinnest film the bend and the shift of the bands are inconspicuous, so that, 
unless the first dark fringe is viewed along itself these effects cannot be 
readily observed The film of medium thickness shows these features on a 
better scale The phase retardation on the ultra-violet side of the trans- 
mission band is less than n as is shown by the fact that the first dark fringe 
on that side when produced falls just above the corresponding fringe on the 
other side In the case of the thickest film both the effects have become all 
the more pronounced, the shift of the fringe on the ultra-violet side corres- 
ponding to a phase retardation of more than n 

3 Transmission of Light through a Metallic Film 
As has been remarked before, the exact nature of the patterns depends 
upon the intensity and phase of the light transmitted by the film and the 
intensities and positions of the fringes can be worked out for a number 
of wave-lengths from the Fresnel integrals previously derived by the 
author (1939) for a metallic lamina Such a detailed calculation, however, 
IS unnecessary, since the general nature of the variation can be readily 
understood from the changes m phase and intensity of the transmitted light 
with wave-length It has been shown before (author, 1939) that the complex 
amplitude of the transmitted light for a metallic film is given by the Drude- 
formula 

C+ /D=» (/i* 2 *+ I) sin w + 2jt2Cosm, 

where both ju., and m are complex, given by = (1 — / A;) and 

m ** 2 iriidIX. (1 — / k). 
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H, k being the optical constants of the metal for the particular wave-length A 
of the incident light and ‘ rf ’ the thickness of the film If the optical 
constants fi and k are known for various wave-lengths, the phases and 
intensities of the transmitted light are easily calculated For very thin silver 
films (of the same order of thickness as film No 1 in the present experi- 
ments) the optical constants are quite different from those of the metal in 
bulk if the classical theory were to explain the colour phenomena exhibited 
by them as they are gradually built up by sputtering or evaporation, as has 
been shown by Rouard (1937), moreover, since no accurate data are avail- 
able for different wave-lengths, no calculations can be made for such films. 
For thicker films which show metalbc lustre (e g , films Nos 2 and 3), however, 
the calculations can be done by assuming the optical constants to be 
the same as those of the metal in bulk, the effect of the substrate of quartz 
on which the films have been deposited being neglected for the sake of 
simplicity. Using the values of Mmor (1903) for and kfi for silver over 
the range of wave-lengths 2930 A U to 4500 A U (see Table I), the phases 

Table I 

Minor's values of /t and kii for silver 
for wave-lengths between 2930 A U and 4500 A U 


A in A.U 


kn 

2910 

1 368 

0 969 

3030 

j 1 543 

0 772 

3090 

1 485 

0 598 

3140 

1 264 

0 437 

3180 

1 013 

0 431 

3220 

0 833 

0 404 

3260 

0 689 

0 424 

3290 

0 518 

0 560 

3320 

0 404 

0 649 

3360 

0 256 

0 821 

3460 

0 219 

1 098 

3611 

0 201 

1*453 

3930 

0 135 

1 912 

4300 

0*164 

2 386 
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and intensities of the transmitted light for two silver films of thicknesses 
5 X 10~* cm and 10~* cm respectively were calculated and curves have been 
drawn showing the variation of these factors with wave-length of the inci- 
dent light The curves are reproduced in Figs 1 and 2 

It IS seen from Fig 1 that the intensity ot the transmitted light is a 
maximum at about 3250 A U and falls off rapidly on either side For the 
thinner film the rate of fall of intensity with wave-length towards the ultra- 
violet side is more rapid than that towards the visible region For the thick 
film, though the general distribution of intensity remains the same, the rate 
of fall of intensity towards the violet side in the immediate neighbourhood 
of 3250 A U. increases considerably, whereas that on the ultra-violet side 
IS not so much affected. Moreover, the actual values of the intensity are 
much lower, with the result, the transmission band becomes highly local- 
ised in the spectrum A comparison of the two intensity curves shows 
therefore, that the metallic absorption which extends from about 3250 A U 
into the visible region and which is due to the conduction electrons in the 
metal, goes on increasing with the thickness of the film and becomes com- 
plete only when it is of the order of 10-* cm ; the edge of the absorptio 



phase in tiegrees 
Acceteration 



29 31 33 35 37 39 41 43 45 47 


^tvtltngih in /O'* an 
Fio 2 

band due to the bound electrons, on the contrary, is less dependent on the 
thickness of the film These points are well brought out in the photo- 
graphs 2 and 3 in Plate VI, the absorption band on the visible side 
broadening towards 32S0 A U more than the one on the ultra-violet side 

The phase curves (Fig 2) also show a similarity in their behaviour For 
the thinner film the phase increases rapidly from low values at 3000 A.U. to n 
at about 3500 A U , the further increase in it being gradual even up to 4500 
A U. For the thicker film the changes in phase are smaller than in the 
previous case throughout the range of 2930 to 4500 A U At about 
2980 A U the phase changes sign, showmg thereby that upto a 
certain wave-length the waves are accelerated in the metal film 

4 Discussion 

It has been pointed out in the preceding sections that the intensity of 
the transmitted light determines the visibility of the fringes while the phase 
determines their position The effect of increasing the thickness of the film 
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therefore is to increase the general visibility of the pattern whereas the 
individual fringes themselves vary in their visibility at particular regions of 
the spectrum, depending upon the actual values of the intensity of the trans* 
mitted light in those regions The changes of phase accompanying an in- 
crease in thickness of the film determine the disposition of the fnnges in the 
spectrum We have seen that the phase-changes at about 3200 A.U are 
abrupt and consequently the diffraction fnnges in that region show a sudden 
bend In the case of the thinner iilm(Sx 10~‘ cm) the calculated curves 
indicate that the light waves are accelerated in the metal film even down 
to a wave-length of 2900 A U In the case of the thicker film (10-* cm ) 
the actual values of the phase are smaller than those for the thinner film 
This IS explicable if we remember that the absorption due to the film goes 
on increasing with thickness till after a certain stage very little light is trans- 
mitted by the film One may remark in general that after a thickness of 
10"® cm the metallic absorption is complete and the further increase in 
thickness would not sensibly alter the phase changes in transmission We 
have also seen that for a sufiiciently thick film, the waves are accelerated 
above a certain wave-length, whereas they are retarded in the ultra-violet 
This IS readily understood if we remember that for silver, as we recede into 
the ultra-violet, the refractive index of the metal is more than unity, whereas 
in the visible the refractive index becomes very small The absorption index, 
however, is large wherever the refraction index is small and wee versa The 
phase-changes in transmission, therefore, do not directly follow the refrac- 
tion index curve, but are altered more or less by the absorption index In 
the case of silver the refraction index equals unity at about 3200 A U , but 
the phase does not change sign at 3200 A U as we have seen from the two 
curves Even when the film is sufficiently thick, the effect of the absorp- 
tion IS to shift the position of zero phase farther into the ultra-violet (for 
10~® cm about 3000 A U ) For thinner films we have to recede more and 
more into the ultra-violet for this change of sign in the phase due to trans- 
mission 

Though the case of silver is unique in that it shows an extremely narrow 
transmission band, the cases of metals like Cu and Au are well worthy of 
study since these too show marked selective transmission 

In conclusion, the author desires to express his sincere thanks to 
Sir C. V Raman, Kt , F R s , N l , for his kind interest in the work 

5 Summary 

A spectroscopic examination of the Fresnel diffraction due to thin silver 
films bounded by a sharp edge reveals interesting changes in the visibihty 
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and disposition of the bands in the spectrum The visibility of the fiinges 
IS found to follow closely the spectral distribution of intensity of the 
transmitted light. At places where the intensity is sufficiently low, the first 
fringe ceases to be the best, the second fringe showing maximum visibility 
These observations have already been recorded in a previous paper (1939). 
The fnnges show a sudden bend with a point of inflexion in the region of 
selective transmission at 3200 A U. and they are shifted away from the edge 
on the ultra-violet side and towards the edge on the visible side Using the 
Drude-formula for the amplitude of the transmitted light and the experi- 
mental values of Minor for n and kfi. for silver, both the intensity and [fliase 
curves have been drawn for two films of thicknesses 5 x 10~* cm and 
10*^ cm respectively The phase curves clearly explam the peculiar 
disposition of the bands at 3250 A U 
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In Part 1^ it was shown that the petroleum ether extract of the Decalepis 
roots contained a ketonic substance melting at 83°, resinol fractions melting 
between 130° and 185°, a definite compound of the same group melting at 
235-36°, sterols and />nra>methoxysahcyhcaldehyde The term resinol was 
used to indicate tentatively substances which were alcoholic in nature and 
which did not give the correct reactions of sterols and its use was justified 
by their similarity with substances of the type of amyrin Their chemical com* 
position approximated closely to the formula CaoHfoO They gave a pink 
coloui with Liebcrmann-Burchard reagent and a yellow solution with green 
fluorescence in Salkowski’s reaction Their exact nature has now been 
investigated 

As already described* the alcohol-soluble portion of the petroleum ether 
extract was separated into three tractions and from the middle fraction (B) 
melting at about 205-10° could be obtained after repeated crystallisations 
using ethyl acetate, besides fractions melting at 210-22°, a definite compound 
(M) melting at 235-36°. Further crystallisation of this compound from the 
same solvent raised the melting point to 239-40° It has the formula 
and It is found to be an ester yielding on saponification acetic acid and a tri- 
terpene alcohol which has been identified as /3-amynn from a detailed study 
of Its properties and the preparation of its derivatives It therefore follows 
that the original substance (M) is jS-amyrin acetate Fractions melting be- 
tween 210-22° could not be further purified but they had the same composition 
as (M). They were obviously mixtures of j3-amyrin acetate with compounds 
of the same type which are isomeric with it 

The resinols were found to be present to a minor extent in the waxy 
portion and to a much higher degree in fraction (A) of the alcohol-soluble 
portion The preliminary saponification and careful separation into various 
^'actions of the unsaponifiable matter rendered identification of various 
components easy. By this means the sterols were effectively removed from 
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the resinols The separation and identification of the resinol mixtures have 
been carried out by the acetate as well as by the benzoate methods Flec- 
tion 1 melting at 175-85° has been found to consist mostly of a-amj^in 
admixed with small amounts of /3-amyrin The second fraction meUtng at 
160-65° contained lupeol as the mam component and it was best isolated as 
the benzoate The amyrins were present only m small quantities 

Fractions 111, IV, V and VI melting at 155-57° and below were individ- 
ually examined Fraction 111 melting at 155-57° contained j3-amyrm and 
lupeol and very little of a-amyrm The other lower fractions (IV, V and VI) 
were very similar to it having the three above compounds m varying propor- 
tions Further m all of them were present small quantities of substances whose 
acetates were markedly more soluble m alcohol than those of the above resinols 
and which differed from them in giving a display of colours (pmk-blue-green) 
with the Liebermann-Burchard reagent though they gave the same yellow 
colour with green fluoresence with the Salkowski's reagent Thus they 
exhibited characteristics, partly of sterols and partly of resinols They are 
being further investigated 

Hemtdesmus indtcus — ^It was pointed out m Part III* that the composition 
of the petroleum ether extract of this root agrees closely with that of the 
Decalepis and that what Dutta, Ghosh and Chopra considered to be new 
sterols were really mixtures of resinols with small quantities of sterols This 
is now definitely supported by careful examination of the various resinol 
fractions The presence of lupeol and of a- and /9-amyrms has been estab- 
lished. The compound melting at 235-36° has been identified as j9-amynn- 
acetate During the careful examination of the various fractions, the special 
type of compounds mentioned in the case of the Decalepis as giving display 
of colours with the Liebermann-Burchard reagent and only yellow colour 
with Salkowski’s reagent was also met with here Besides these a small 
quantity of a substance which is characterised by the yellow coloured 
solution having a brilliant green fluorescence which it gives with the Lieber- 
mann-Burchard reagent is obtained With the Salkowski’s reagent it gives 
only an yellow colour This probably belongs to the tetracyclic tnterpene 
type and this surmise gams support from the fact that on boiling with formic 
acid and benzene it undergoes transformation into a product of the penta- 
cyclic type whose formation was indicated by the typical resinol colour 
reactions The yield however was very small and a detailed study could not 
be earned out so far 

The results so far obtained may be summed up as follows : Though the 
two roots contained the same resinols the Decalepis has in it more of 
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amynns than lupeol whereas in the case of the Hemidesmus roots the position 
IS just the reverse 

Experimental 

Decalepis Hamiltonn Identification of ^-amyrai acetate — The crystal- 
line compound (M) melting at 235-36° (0 S g ) was heated under reflux with 
6 % alcoholic potash (25 c c ) for 5 hours and the contents were largely diluted 
with water The crystalline precipitate that was formed was filtered and 
recrystallised from alcohol when it was obtained as needles melting at 196-97°. 
[Found C, 83 8 , H, n 2 , C 10 H 50 O requires C, 84 4, H, 11 7%] This 
was identified as /^-amyrin by comparison with a sample described later on, 
the mixed melting point was undepressed The filtrate was concentrated to 
a small bulk, acidified with dilute sulphuric acid and steam-distillcd In the 
distillate the presence of acetic acid was established bv performing the lan- 
thanum nitrate test carried out acco^'ding to the procedure of Neelakantam 
and Row ^ Hence the original compound (M) was identified as /3-amyrin 
acetate. Tht melting point rose to 239-40’ after further crystallisation and 
It was unaffected by admixture with a sample of /3-amyrm acetate whose 
detailed «tudy is given later on in this papci The results of combustion 
analysis have been given in Part I and they agree with the formula QjHmOj 

* As already desciibed in Part 1 the resinols from (A) were fractionated 
into SIX fractions and the corresponding fractions from (W) were added to 
them , fraction I had mp 175-85°, II, 160-65°, III, 155-57"; IV, 151-53°, 
V, 135-45° and fraction VI, 130-35° 

Resmol fraction I {m p 175-85°) Separation by the acetate method —Tht 
solid (2 g ) was boiled with acetic anhydride (10 c c ) and sodium acetate (4 g ) 
for 2^ hours and the mixture poured into water After allowing it to stand for 
12 hours the solid product was separated and crystallised from alcohol 
whereby a crop of crystals melting at 215° were obtained Further repeated 
crystallisation from ethyl acetate raised the melting point to 222-23° and at 
this stage the solid appeared as colourless shining elongated plates [Found 
C, 81 < 6 , H, 10 9. C 3 ,Hj, 0 , requires C, 82 1, H, 11 1%) H" -1-81 5° 
in chloroform and that already recorded for a-amynn acetate is -f 83 0° 

The acetate was hydrolysed by heating with 5% alcohohe potash for 
3 hours After dilution with excess of water the resulting solid was crystal- 
lised from alcohol when glistening colourless needles melting at 185-87° 
were obtained [Found C, 84 0, H, 11 6 , CaoHjoO requires C, 84 4; 

1 1 7% ] [o]*„* in benzene, 4-92 1° and the value noted by previous workers 
for a-amynn + 93 3° Thus the presence of a-amynn in this fraction was 
established. This was further confirmed by the preparation of the benzoate 
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which melted at 192“ (described later) The mother-hquor and washings from 
the crystallisation of the above-mentioned acetate were mixed and the solvent 
removed The solid residue thus obtained melted at 160-70“ It was first 
boiled with a small amount of methyl alcohol and filtered and subsequently 
recrystallised from ethyl acetate It now melted at 215-18“ and it could not 
be further purified by the ordinary methods [Found C, 81 9, H, 11 9, 
CjjHgjO requires C, 82 1 , H, 1 1 1% ] On hydrolysis and purification of 
the resulting alcohol could be obtained a small quantity of jS-amyrin melting 
at 196-97“ and a larger quantity of a-amynn melting at 185-87° 

Separation by benzoate method — ^The crystalline solid (2 g ) was dissolved 
in dry benzene (20 c c ) and treated in the cold with benzoyl chloride (10 c c ) 
and pyridine (7 c c ) The mixture was allowed to stand overnight and finally 
heated under reflux for 2 hours The contents were then diluted with water 
and extracted with excess of benzene The benzene solution was evaporated 
to dryness, the residue taken up in ether and shaken successively with aqueous 
sodium hydroxide, aqueous sulphuric acid and water On concentrating the 
ether solution and cooling in ice colourless needles of a solid melting at about 
190” were obtained When further recrystallised from ligroin and benzene- 
alcohol mixture, the substance finally melted at 192-93” [Found C, 83 6 , 
H, 10 2, and C 37 H 14 O 2 requires C, 83 8 , H, 10 2%] [a]“ in benzen^, 
-I- 90 0“ and that recorded by previous workers for a-amyrin benzoate in 
benzene solution is + 87 3° Further crops of the same substance could be 
obtained on concentrating the ether solution and recrystalhsing the solid from 
benzene-alcohol mixture The final fractions, however, melted at 165-75“ and 
no pure compound could be obtained from them The benzoate was hydro- 
lysed by heating with 5% alcoholic potash for 5 hours By diluting the con- 
tents with a large excess of water and crystallising the resulting solid from 
alcohol, shining colourless needles melting at 185-87“ were obtained and these 
were found to be identical with the sample of a-amyrin obtained from the 
acetate method 

From the results of analysis of the free alcohol, its acetate and benzoate 
and from their properties particularly specific rotations the presence of 
a-amyrm in fraction (T) as the predominant component is established 
j3-Amyrin is present only in minor quantities. 

Fraction II (m p 160-65“) — This solid (5 0 g ) was dissolved in benzene 
(25cc) and benzoyl chloride (15 cc) and pyridme (10c c) added. The 
benzoylation was effected just as before The crude benzoate mixture 
melted at 180“ and when this was boiled with a small amount of methyl alcohol 
and filtered, the melting point rose to 210-20“ Subsequent crystallisation 
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P 97, para 2, line 6 and p 98, para 4, line IS read [a ] ^ in chloro- 
form +26 8° and that recorded for lupeol in the literature +26 4°, for 41 0 
and 41 1 respectively 
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from ether yielded a compound melting at 249-54° Final recrystallisation 
(3 times) from ligroin yielded colourless gritty broad rectangular plates 
melting at 261-62° No change was effected by further crystallisation. 
[Found C, 83 4, H, 10 5, CJ 7 HS 4 O, requires C, 83 8 , H, 10 2%] 

+ 62 5° in chloroform solution and [oJq noted in the literature for lupeol 
benzoate, -I- 60 9° 

The benzoate was hydrolysed by heating with alcohohc potash for 5 
hours according to the procedure already described The product was sub- 
jected to slow crystallisation from a mixture of alcohol and acetone By this 
means long needles, melting at 21 1-12°, were obtained Further crystallisation 
did not bring about any change [Found C, 84 0, H, 11 1 , CjoHjoO requires 
C, 84 4, H, 11 7%] [a]” in chloroform, +41 0 ° and that recorded for 

lupeol, +41 2" From all the above results it is concluded that lupeol is 
present in this fraction 

The mother-liquor and washings from lupeol benzoate were mixed and 
concentrated First crops of crystals melting at 240-50° were obtained 
which eventually yielded on purification lupeol benzoate Subsequent crops 
yielded on recrystallisation (4 times) from benzene-alcohol mixture a small 
quantity (0 2 g) of a solid melting at 231-32° [Found C, 84 2, H, 10 4 , 
and requires C, 83 8 , H, 10 2% ] This benzoate on hydrolysis 

with alcoholic potash yielded a compound melting at 197-98° which was 
found to be identical with jS-amyrin obtained from the acetate melting at 239°. 
The mixed melting point was not lowered Hence the presence of a small 
quantity of /3-amyrin in this fraction was established 

The final mother from the above benzoates was evaporated to dryness 
and the residue dissolved in benzene-alcohol mixture and allowed to crystallise 
slowly After removing some indefinitely melting fractions a-amyrin benzoate 
melting at 192-93°, was obtained in well-defined needles and was found to 
be identical with the sample of the benzoate obtained from the first fraction 
The final residues yielded a solid melting at 140-70° 

Hence fraction (II) contains lupeol as the main component mixed with 
a- and /3-amyrins, the last being in the smallest quantity. 

Fractions III, IV, V and VI — (Resmols melting between 130-57° ) All 
these fractions gave very similar results. They were first acetylated and the 
acetates fractionally crystallised from alcohol A very small quantity of 
sparingly soluble fraction ( 1 ) meltmg at 235° was obtained After further 
crystallisation from ethyl acetate it was found to be ^-amyrin acetate Sub- 
sequently several fractions ( 2 ) were collected from the alcohol solution One 
of these melted fairly sharp at 165-66° and on analysis yielded the following 
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results [Found C, 82*3, H, 10 6, and CsgHggOj requires C, 82 I; 
H. 11 1%] 

All these gave the pink colour with Liebermann-Burchard reagent and 
yellow colour with green fluorescence with Sdlkowski's reagent The last and 
the most soluble fraction melted indefinitely at 120° and exhibited certain 
peculiar colour reactions With the Liebermann-Burchard reagent it gave a 
play of colours pink-blue-green and with the Salkowski's reagent the sulphuric 
acid layer assumed orange yellow with green fluorescence on standing 
These characteristics differ from those of well-known sterols and resinols and 
hence this fraction is being further examined 

The middle fraction of the acetates (2) given above could not be further 
satisfactorily separated into definite compounds Tt was therefore hydro- 
lysed and the free alcohols benzoylated From this product, benzoates of 
lupeol, j3-amyrin and a-amyrin could be obtained Lupeol seemed to be the 
most important component in these fractions also 

Hemideimus indicus — Fractions 1 (m.p 175-85°), II (m p 165-70°), 
III (m p 155-65°) and IV (m p 150- 54°) gave very similar results, hence they 
are reported together First they were acetylated and the acetates fractionally 
crystallised from alcohol The more sparingly soluble portion (A) meltmg 
at 190-200“ was repeatedly recrystallised from ethyl acetate when a very small 
quantity of jS-amyrin acetate melting at 236° separated first Subsequently 
the bulk of the acetate portion separated out meltmg at about 200° After 
repeated recrystallisation (6 times) from ethyl acetate pure lupeol acetate 
(shining flat needles) melting at 214° was obtained from it [Found C, 81 8 ; 
H, 10 4, CasHsjOi requires C, 82 1 , H, 11 1%] [a]”, + 45 4° in chloro- 

form solution and [aJo for lupeol acetate is given in the literature as -f- 47 1° 
in chloroform The melting point was not depressed when mixed with lupeol 
acetate from D Hamiltomi When hydrolysed with alcoholic potash the 
acetate yielded a product which could be easily crystalhsed from alcohol 
It was obtained as silky needles melting at 212° (Lupeol) [aJo in chloroform 
solutionis -f4l r and that recorded for lupeol is -f 41 2° Further 
no depression in the melting point was observed when mixed with the 
lupeol obtained from the Decalepis roots 

The alcohol mother-liquor from the crystallisation of acetates gave 
indefinite mixtures melting at 165-95° and they were not further examined 

Fractions I and II were also benzoylated and the mixture of benzoates 
examined as in the case of Decalepts Hamltonu Pure lupeol benzoate was 
easily obtained from ligroin in a good yield from the first crop of crystals and 
the mother-liquor yielded indefinite mixtures melting at 180-220°. It was 
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therefore concluded that lupeol was the main component of these fractions 
and the amyrms probably occurred along with it. The presence of j^amynn 
was definitely established 

Fraction V (mp 135-40°) — This fraction was acetylated and the acetates 
were subjected to careful fractionation from an alcohol solution It was 
noticed that the first fractions (m p 185-200°) gave the usual tests for the 
pentacyclic resinols, le , a pink colour with the Liebermann-Burchard 
reagent and a yellow solution with the Salkowski's reagent From the middle 
portions could be obtained a small quantity of a colourless solid melting at 
135-45° This behaved differently With the Liebermann-Burchard reagent 
It gave a yellow solution with brilliant green fluorescence and the solution 
slowly assumed faint pink colour on standing No test was given with 
Salkowski's reagent, only a very pale yellow soluion being produced This 
has been noted as the characteristic colour reaction of tetracyclic triterpenes 
and hence a sample of the substance was heated under reflux with a mixture 
of formic acid and benzene for 2 hours in order to bring about the formation 
of the pentacyclic triterpenes After crystallisation from ethyl acetate the 
product melted at about 195° and it produced the usual pink colour with the 
Liebermann-Burchard reagent Hence the existence of the tetracyclic com- 
pounds in the fraction V was indicated 

The final fractions of the acetates gave with the Liebernmann-Burchard 
reagent a play of colours pink-blue-green but produced no red colour with 
Salkowski’s reagent These seem to be the same as the substances obtained 
in a similar manner from Decalepis HamiUonn The quantity was however 
too small to permit detailed study 

Summary 

The existence of resinol in the petrol-soluble portions of Decalepis 
HamiHomi and Hemidesmus indicus has been established bv the isolation of 
a- and j3-amyrins and'lupeol from them They exist both free and as esters 
The various fractions have been analysed using both the acetate and the 
benzoate methods The roots of the Decalepis contain more of the amyrms 
and less of lupeol whereas the Hemidesmus contams more of lupeol The 
more soluble fractions of both roots seem to possess certain compounds 
having partly the properties of sterols and partly those of resinols Further 
in Hemidesmus roots small amounts of tetracychc tnterpene alcohols also 
seem to be present 
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It has been shown by Desai and co-workers^ that resacetophenone as well as 

5- ethyl-2 4-dihydroxy-dcetophenone condense with aceto-acetic ester, not in 
the presence of concentrated sulphuric acid, but phosphoryl chloride with 
the formation of 7-hydroxy-coumarin derivatives Lunaye and Shenolikar,’ 
on the other hand, have found that 2-acetylresorcinol undergoes the usual 
coumann condensation in the presence of concentrated sulphuric acid 
Desai and Ekhlas® who happened to synthesise 4-ethyl-2-acetyIresorcinol in 
course of some other work observed that it resembled 2-acetylresorcinol in 
Its capacity for coumann condensation in the presence of concentrated sul- 
phuric acid To make sure that this was not an isolated case, we have now 
condensed 4-ethyl-2-acetylresorcinol with C-alkylated aceto-acetic esters of 
the general formula CH3-CO-CHR COOEt, where R — methyl, ethyl, propyl, 
butyl and allyl groups Thus methylaccto-acetic ester gave 3 4-dimethyl- 

6- ethyl-7-hydroxy-8-acetyl coumann (1) while its higher homologues behaved 
in an analogous manner 

The constitution of the resulting coumann was proved by its rational 
synthesis from 4-ethylresorcinol and methylaceto-acetic ester which gave 
3 4-dimethyl-6-ethyl-7-hydroxycoumarin, the acetoxy. derivative of which 
underwent Fries migration with the formation of 3 4-dimethyl-6-ethyl-7- 
hydroxy-8-acetylcoumann The constitution of other coumarins was simi- 
larly proved, and this proof is conclusive as Desai and Ekhlas* have shown 
that the Pechmann condensation of 4-ethylresorcinol and aceto-acetic ester 
gives exclusively 6-ethyl-7-hydroxy-4-methylcoumarin 

Desai and Miss Vakil* have recently shown that S-methyl-2-acetylresor- 
cinol (11) undergoes de-acetylation during the course of the Pechmann 
Reaction When this observation is compared with those recorded in this 
communication it becomes quite apparent how profoundly sumlar sub- 
stituents situated in different places affect the course of the same reaction 

100 
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Finally 4-ethyl-2-acetylresorcinol was condensed with benzoyl acetic ester, 
when 4-phenyl-6-ethyl-7-hydroxy-8-acetylcoumarin (III) was obtained The 
poor yield obtained in this reaction shows that this ester is less reactive than 
aceto-acetic ester 

Experimental 


4-Ethyl-2-acetylresorcinol was prepared by Limaye's Process the details 
of which have been described by Dcsai and Ekhlas'* (loc tit) These have 
been recently repeated and confirmed by Limaye and Limaye ® 


Condensation of A-ethyl-l-acetylresonmol with ethyl a-methylaceto- 
acetate and formation of 3 4-dimeth\i-6-ethyl-l-hydroxy-%-acetyl-coumarin — 
A clear solution of the dihydroxy ketone (2 5 g ) and the ester (2 g ) in 73 per 
cent sulphuric acid (25 c t ) was kept at the room temperature for 36 hours, 
and poured over ice The resulting solid crystallised from alcohol in colour- 
less needles, mp 121° (yield- 75 per cent) 

[Found C, 69 1 , H, 6 2, CjjHnO, requires C, 69 2, H, 6 2 per cent] 

The coumarin was easily soluble in chloroform, acetone, alcohol and acetic 
acid, sparingly soluble in benzene but almost insoluble in petroleum ether 
Its alkaline solution was yellow and devoid of any fluorescence, and its alco- 
holic solution gave green colouration with alcoholic ferric chloride 

Condensation of 4-ethylresorcinol with ethyl a-methylaceto-acetate and 
formation of 3 A-dimethyl-6-ethyl-l-hydroxycoumarin — A mixture of 4-ethyl- 
resorcinol (3 g ), o-methylaceto-acctic ester (3 g ) and 73 per cent sulphuric acid 
(30 cc), after being kept for 12 hours was poured over rice The solid 
crystallised from alcohol in colourless needles, mp 240° (yield =90 per 
cent) 

[Found C, 71 *4 , H, 6 • 55 , requires C, 71 5 , H, 6 5 per cent ] 

It dissolved in alkali giving green fluorescence The acetyl denvative 
prepared by heating the mixture of the coumann (2g), acetic anhydride 
(10 c c.) and fused sodium acetate (2 g ) for four hours crystallised from alco- 
hol in lustrous needles, m p 150° 

[Found. C, 69 0, H, 6 3; CaHi,0« requires C, 69 2, H, 6 2 per cent] 
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Fries Transformation of 3 A-dimethyi-^ethyl-l-acetoxy-coumarm to 3 A- 
dmethyl-6-ethyl-l-hydroxy-%-acetylcoumarm — An intimate mixture of the 
acetoxy coumarm (1 g ) and anhydrous aluminium chloride (2 g ) was gradu- 
ally heated in an oil-bath to 140° for one hour The sohd obtained by 
decomposing the excess of aluminium chloride with ice-cold hydrochloric 
acid was purified through alkali, and crystallised from alcohol when 
colourless needles, mp 121°, were obtained Its mp was not depressed 
by the specimen prepared from 4-ethyl-2-acetylresorcmol and a-methylaceto- 
acetate 

Condensation of a-ethylaceto-acetate with A-ethyl-l-acetylresorcmol and 
formation of 3 6-diethyl-A-methyl-l-hydroxy-i~acetvlcoumarin —This was 
carried out as above The Coumarm which was obtained in 70 per cent 
yield crystallised from alcohol m colourless needles, m p 147° Its alkaline 
solution was yellow and non-fiuorescent, while its alcoholic solution gave 
green colouration with alcoholic feme chlonde 

[Found C, 69 8 , H, 6 8 , CigHigO* requires C, 70 0, H, 6 8 per cent ] 

3 (t-Diethyl~4-methyl~7-hydroxycoumarm was obtained by the usual 
method by condensing 4-ethylresorcinol with a-ethylaccto-acetic ester, and 
crystallised from alcohol in needles, m p 216° , (yield - 75 per cent ) Its 
alkaline solution was yellowish and gave green fluorescence 

[Found C, 72 2, H, 7 0, CijHxgOi requires C, 72 4, H, 7 1 per cent] 

The Acetyl Derivative crystallised from alcohol in lustrous needles 
mp 131° 

[Found C, 70 1 , H, 6 8 , CxgHigOg requires C, 70 0; H, 6 6 per cent ] 

When subjected to the Fries Transformation in the usual manner, the 
above acetyl-den vative gave 3 6-diethyl-4-methyl-7-hydroxy-8-acetyl- 
coumann, m p 147°, and undepressed by the sample prepared from 4-ethyl- 
2-acetyl'resorcmol and a-ethylaceto-acetic ester 

Condensation of a-propyl’ocetoacetate with A-ethyU2-acetylresorcinol and 
formation of 3-propyl-4-methyl~6-ethyl-7-hydroxy-S-acetylcoumarin —This 
coumarm (70 per cent yield) crystallised from alcohol in colourless needles, 
m p 129°, and had the usual properties of its analogues 

[Found C, 70 6 , H, 7 2 , CifHaoOg requires C, 70 8 , H, 7 0 per cent ] 

3-Propyl-A-methyUfi'ethyl-l'hydroxy’Coumarin obtained from 4-cthyl- 
resorcinol and a-propylaceto-acetic ester (65 per cent yield) crystallised from 
alcohol in yellowish needles, m p 189°. 

[Found C, 72 9 , H, 7 5 , CuHigOg requires C, 73 1 , H, 7 4 per cent ] 
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The Acetyl Derivative crystallised from alcohol in needles, m p 133.“ 

[Found C, 70 6 , H, 7 2, C^HgoO, requires C, 70 9 , H, 7 3 per cent ] 

When this was subjected to the Fries migration it gave the coumann 
m p 129°, which was proved to be 3-propyI-4-methyl>6-ethyl-7-hydroxy-8- 
acetylcoumann 

Condensation of A-ethyl-l-acetylresorcmol with a-butylacetoacetate and 
formation of 3-buty/'4~methyl~6~ethyl-7‘hydroxy-S-acetylcoumann — As the 
a<butylaceto*acetic ester was slightly contaminated with the original unsubsti- 
^uted aceto-acetic ester, the crude coumann was fractionally crystallised from 
alcohol The first fraction, mp 135°, was identified as 4-mcthyl-6-ethyl-7- 
hydroxy-8-acetylcoumarin while the second fraction, m p 100-105°, when 
recrystallised from benzene, melted at 124° Its alcoholic solution gave green 
colouration with feme chloride, and was identified to be 3~Butyl-A~methyl-6- 
ethyl-l-hydroxy-^~acetylcoumarin 

[Found C, 71 2,H,7 5 , CigHggO* requires C, 71 5,H, 7 3 per cent] 

The coumann obtained by condensing 4-ethylresorcinol with o-butyl- 
acetoacetic ester was a mixture of i-butyl-A-methyl-fi-ethyl-l -hydroxy coumann 
and 4-methyl-6-ethyl-7-hydroxycoumann The former was more soluble in 
warm benzene than the latter The soluble fraction on recrystallisation from 
alcohol gave colourless needles, m p 159° 

[Found C, 73 5, H, 7 9, CiaHgoOg requires C, 73 8, H, 7 8 percent] 

The Acetyl Derivative crystallised from alcohol in lustrous needles, 
mp 114° 

[Found C, 71 3, H, 7 5, CjaHggOa requires C, 71 5, H, 7 3 per cent ] 

When subjected to the Fries Transformation, it gave a product, m p 124°, 
identified by the mixed m p as 3-butyl-4-mcthyl-6-ethyl-7-hydroxy-8-acetyl- 
coumarin which has been described before 

Condensation of a-allyl-aceto-acetic ester with 4-ethvl-2-acetylresorcf 
nol and formation of 3-ally l-4-methyl-6-ethyl‘7-hydroxy-6-acetykoumarin — 
This coumann crystallised from alcohol in yellowish needles, m p 106° 
(yield SO per cent ) 

[Found C, 71 0, H, 6*5, CnHuOg requires C, 71 3, H, 6 4 per cent ] 

4-Ethylresorcinol condensed with a-allyl*aceto-acetic ester in the usual 
manner giving 3-allyl-4-methyl-6-ethyl-7-hydroxycoumarin which crystalbsed 
from alcohol in needles, m p 202° (yield ^ 45 per cent ) 

[Found C, 73 5 , H, 6 4 , Cx«HieOs requires C, 73 7 , H, 6 6 per cent ] 
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The Acetyl Derivative crystallised from alcohol in needles, m p 123® 

[Found C, 71 1, H, 6 6 , CJ 7 H 18 O 4 requires C, 71 3, H, 6 3 per cent] 

The Fries migration of this acetyl derivative gave the coumarin, m p 106® 
and identified as 2-allyl-4-ntethyl-6-ethyl-l-hydroxy-i-acetylcoumann 

Condensation of benzoylacetic ester with 4-ethyl-2-acetylresorcinol and 
ormation ofA-phenyl-b-ethyl-l-hydroxy-i-acetylcoumarin — ^The condensation 
carried out as usual was worked up after 36 hours when the resulting coumarin 
crystallised from hlcohol in lustrous, prismatic needles, m p 154“ (yield = 
180 per cent ) Its alkaline solution was yellow and non-iluorescent while the 
alcoholic solution gave deep-violet colouration with alcoholic ferric chloride 

[Found C, 73 8 , H, 5 4, CigHnO* requires C, 74 0, H, 5 2 per cent] 

A~Phenyl~6-ethyl-l-hydroxYCOumarin, obtained from 4-ethylrcsorcinol and 
benzoylacetic ester, crystallised from alcohol in colourless lustrous needles, 
m p 232® (yield — 90 per cent ) Its yellowish, alkaline solution gave green 
fluorescence 

[Found C, 76 5 , H, 5 5 , C jtHkOs requires C, 76 6 , H, 5 3 per cent ] 

The Acetyl Derivative crystallised from alcohol in lustrous needles, m p 

151® 

[Found C, 73 ■ 7 . H, 5 4 , Ci,Hxe 04 requires C, 74 0 , H, 5 2 per cent ] 

When this acetyl derivative was subjected to the usual Fries migration, 
4 .phenyl-f)-ethyl-l-hydroxy-^-acetylcoumarin, m p 154®, was obtained 

We are thankful to Rev Father G Palacios, s j , and Prof R N 
Bhagwat for their kind interest in this work 

Summary 

The condensation of 4-ethyl-2-acetylrcsorcinol with a-methyl, a-ethyl, 
a-propyl, a-butyl and a-allylaceto-acetic esters as well as benzoylacetic ester 
has shown that this ketone is much reactive as contrasted with resaceto- 
phenone, thus showing that the Pechmann Reaction is not hindered by nega- 
tive groups in the y-position of the resorcinol molecule The constitution of 
each coumarin was established by its rational synthesis from 4-ethylresorcinoI, 
acetylating the resulting coumarin, and subjecting it to the Fries nugration 
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Hibiscus cannabinus (Deccan Hemp) is a small shrub cultivated in India 
for the sake of its valuable fibre and also as a vegetable The flowers are 
light yellow in colour with a purple centre A preliminary report of the 
chemical investigation of these flowers was made sometime back by 
Ncelakantam and Seshadri^ who announced the isolation of a new flavonol 
and Its glucoside They were named Cannabiscetin and Cannabiscitrin 
respectively because of their first isolation from the flowers of the cannabinus 
Subsequently results have been obtained giving information regarding the 
constitution of the aglucone A detailed account of the preparation and 
properties of the pigments and the determination of the constitution of 
cannabiscetin is given in this paper 

The dried petals were extracted with methylated spirit and the pigments 
isolated in various fractions according to the procedure already outlined in 
connection with other flowers ^ The first fraction which was sparingly soluble 
in alcohol and came out on concentrating the alcoholic extract, consisted 
of the glucoside, cannabiscitrin The aqueous solution subsequently obtained 
by diluting the alcoholic mother-liquor and removing the alcohol did not 
deposit any solid, but, when extracted with ether, yielded the aglucone, 
cannabiscetin. The neutral lead acetate fraction also seemed to consist 
mostly of the glucoside, which was, however, difiicult to be purified But 
pure cannabiscetin could be readily obtained therefrom after hydrolysis 
The basic lead acetate fraction was too small to be studied It could, 
therefore, be concluded that the colouring matter consists mostly of canna- 
biscitrin along with small quantities of the aglucone 

Cannabiscitrin has the formula C21H20OX3 and decomposes at about 
245 ° With alkaline buffer solutions, the substance yields two characteristic 
colorations — green and orange, the yellow colour that is first produced bemg 
evanescent. On acetylation it produces a colourless nonaacetyl derivative, 
and on hydrolysis with dilute sulphuric aad, it gives nse to glucose and the 
aglucone, cannabiscetin 
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Cannabiscetm has the formula CisHioOs and does not melt below 350” 
With feme chloride, it gives a brown-black colour, and with dilute alkali. 
It undergoes a series of colour changes — ^yellow, green, blue, then olive green 
and Anally light-brown With alkaline buffer solutions the characteristic 
colorations are green, blue, crimson and purple, the initial yellow changing 
almost instantaneously, and these colour changes enable the flavonol to be 
easily distinguished from its glucoside It yields a hexaacetyl derivative and 
a hexamethyl ether, thereby indicating the presence of six hydroxyl groups 
It gives a deep red precipitate with neutral lead acetate solution, and under- 
goes decomposition with alkali and air, hence it should be a flavonol It 
IS isomeric with gossypetm, myricctin and quercetagetin When treated with 
p-benzoquinone, it gives the “ gossypetone ” reaction just like gossypetm or 
herbacetin, thereby showing the presence of two hydroxyl groups in 5 and 
8 positions This is further supported by the rapid colour changes m alkaline 
buffer solutions just as in the case of gossypetm and herbacetin As the 
result of oxidation m an alkaline solution exposed to air, it produces gallic 
acid which could be isolated and identified as its tnmethyl ether The 
completely methylated ether also yields trimethyl gallic acid, when boiled 
with 50% potash These experiments prove the existence of hydroxyl groups 
in 3', 4' and 5' positions Hence cannabiscetm may be represented as 
3 5 8 3' 4' 5'-hexahydroxy flavone 


OH O OH 



OH CO 

Further details regarding the properties of cannabiscitrm and the posi- 
tion of the sugar group will be published later 

Experimental 

Fraction 1 — 

Isolation of Cannabiscitrin —Dry petals of the flowers of Hibiscus canna- 
binus (2 kg) were extracted twice with methylated spirit, each extraction 
lasting for about 12 hours The total alcoholic extract was concentrated to 
about 500 cc On leaving overnight a good amount of resin and wax 
separated out from the concentrate They were removed by filtration through 
fluted filters When the clear filtrate was allowed to stand for about 
10 days, it deposited a large quantity of a yellow crystalline solid. It was 
filtered, and washed well with water till it assumed a pale yellow colour 
It was then dissolved in pyridine and the solution diluted with water till the 
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impurities just began to separate out in a colloidal form They were preci- 
pitated by adding a few drops of calcium chloride solution and then filtered 
The clear filtrate which did not separate out any more impurities on further 
dilution, was concentrated on a water-bath till solid began to appear on the 
surface of the liquid On leaving overnight, a good amount of a deep 
yellow crystalline substance separated It was recrystallised from dilute 
pyridine, when it came down as rods and plates (25 g ) It crystallised 
from dilute acetic acid as clusters of short yellow needles On heating, it 
sintered at 210° fused at 220°, and decomposed at 245° [Found in air- 
dned sample C, 46 7 , H, 5 1 , and loss on drying 10 0, CtiHjoOjs, 3 H(0 
requires C, 47 2, H, 4 9, and loss (HjO) on drying 10 1% [Found m the 
sample dried m mono at 110° C, 51 9 ; H, 4 3 , CsiHjoOu requires 
C, 52 5, H, 4 2%] 

The glucoside was found to be easily soluble in alcohol, dilute and glacial 
acetic acids, and pyridine When an aqueous alcoholic solution of the sub- 
stance was treated with a drop of alkali, an olive-grecn colour was obtained ; 
on adding more alkali, a pure yellow solution was produced An alcohohe 
solution gave a reddish orange precipitate with neutral lead acetate, and 
with feme chloride an ohve-green colour which faded rapidly to dark-brown 

On boiling with acetic anhydride and anhydrous sodium acetate, the 
pigment yielded the nonaacetatc It crystallised from glacial acetic acid 
(animal charcoal) as fine colourless needles It was sparingly soluble in 
alcohol and even dilute acetic acid A mixture of acetic anhydride and 
alcohol was found to be a convenient solvent for crystallisation On heating 
it melted into a glassy mass at 200-02° and did not flow down even at 260° 
[Found C, 54«3, H, 4 4, C.iHuO* (OCOCHj), requires C, 54 5, H, 4 4%] 

Hydrolysis oj the Glucoside Preparation of Cannabiscetm — ^The gluco- 
side (2 g ) was hydrolysed by boiling with 7% sulphuric acid (50 c c ) The 
solid went into solution on boiling for some time and within half an hour, 
the aglucone separated out giving rise to bumping However the boiling was 
continued carefully over a mild flame for two hours After cooling, the 
solid was filtered and crystallised from glacial acetic acid It did not melt 
below 350° When allowed to crystallise slowly, it came out as large 
yellow rectangular plates and prisms, but on rapid crystallisation it was 
obtained as flat needles and narrow plates The yield was 1 2 g. [Found 
in air-dned specimen • C, 53*7, H, 3 8, loss on drying 5*2%, Ci,HioO„ 
HjO requires C, 53 6 , H, 3 6 and loss on drying (H,0) 5 4% Found in 
the sample dried at 110°. C, 56 4, H, 3 5, CuHuOs requu'es C, 56 6, 
H3-l%.] 
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From the acid filtrate left after the removal of the aglucone, glucose was 
isolated in the form of its osazone by neutralising it with barium carbonate, 
concentrating it on a water>bath and subsequently treating it with phenyl 
hydrazine 
Fraction II — 

Cannabiscetm — The alcoholic mother-liquor remaining after the sepa- 
ration of the glucoside was concentrated to half its bulk and cooled As 
no precipitate was thereby obtained, the solution was considerably diluted 
with water and the alcohol was removed almost completely on a water-bath 
The resin that separated out during the course of this operation was carefully 
removed by decanting the liquid into a fluted filter The clear filtrate was 
further concentrated and cooled As no precipitate was obtained from this 
liquor even after several days, it was repeatedly extracted with ether On 
distilling off the ether, a yellow crystalline solid was obtained (1 g ) It was 
purified by crystallisation from dilute alcohol, when it appeared in the form 
of plates and prisms The substance did not melt below 350° It was 
identical in all its properties with cannabiscetm obtained from the new gluco- 
side as already described The identity was confirmed by preparing their 
acetyl derivatives and taking their mixed melting point 

Neutral Lead Acetate Fraction — The aqueous solution left after extrac- 
tion with ether, did not deposit any solid on standing even for IS days It 
was then treated with neutral lead acetate solution, when an orange-red 
precipitate was obtained From this lead salt the pigment was liberated by 
passing hydrogen sulphide repeatedly into its suspension in water The preci- 
pitated lead sulphide was filtered off and the filtrate concentrated on a water- 
bath But no solid separated out even after several days Hence the calcu- 
lated amount of concentrated sulphuric acid was added to make the solution 
7% in the acid content and then boiled for two hours in order to hydrolyse 
any glucosides that might have been present By this treatment a yellow 
crystalline substance was obtained (1 g ) It was identified as cannabiscetm by 
comparison of the pigment and its acetyl derivative with authentic samples 

Properties of Cannabiscetm — The pigment was sparingly soluble in 
alcohol but it freely dissolved in glacial acetic acid and pyridme It produced 
a deep red precipitate with lead acetate and a dark-brown colour with feme 
chloride It dissolved in very dilute alkali, producing at first a yellow 
solution which rapidly changed to green and then blue, gradually to olive- 
green and finally to light-brown 

Colour Reactions of the Aglucone and its Glucoside with Alkalme Buffer 
Solutions — Both the aglucone and the glucoside showed prominent colour 
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changes with alkaline buffer solutions of only high pH value, the following 
table summarises the changes 


pH 

Aglucone 

Glucoside 

8 0 

Slowly dissolved to form a pale yellow 
solution which changed to yellowish 
brown after 24 hours 

Dissolved slowly to a pale yellow solution 
which became yellowish red after 24 hours 

8 6 

The dissolution was more quick and 
the yellow solution acquired an orange 
tinge within an hour and became 

1 yellowish brown after 24 hours 

Same changes as above but more rapid 

9 2 

Quickly dissolved, yielding a yellow 
j solution, with a green tinge The 
colour rapidly changed to yellowish 
green, then yellowish brown and to 
pure brown within 10 minutes The 
brown became orange-red which was 
stable for an hour The next day. it 
was stilt brown 

Same changes as above . but the final colour 
was orange-yellow (after 24 hours) 

9 8 

The initial yellow solution quickly 
turned to green and became within 5 
minutes brown through dirty brown 
It became orange-red within 10 minu- 
tes and remained so for an hour Alter 
24 hours it was brown 

Dissolved very quickly to produce a clear 
yellow solution which became orange after 24 
hours 

10 4 

Quick succession of changes —yellow 
solution — bright emerald green — grccn- 
ish-brown —brown -reddish brown 
-bright crimson (within 5 minutes) 
The crimson colour was stable for 1 
hour and faded to brown the next day 

Quick succession of changes —yellow solution 
—yellowish green— again yellow The solu- 
tion slowly acquired an orange tinge and after 
24 hours became definitely orange with a 
strong green fluorescence 

11 0 

Same changes as above but more quick, 
the crimson appearing even within 2 
minutes Subsequent behaviour was 
also just the same 

Rapid changes —Yellow solution— greenish 
yellow — orange It became brown after 24 
hours 

11 6 

The yellow solution changed rapidlv to 

1 purple which gradually t^ame reddish 
purple Within an hour It became 
brown as usual after 24 hours 

The yellow solution rapidly changed to green 
and became almost colourless within 10 minu- 
tes After 24 hours it was brown 

12 2 

Same changes as above , but the initial 
purple was mixed up with violet 

Same changes as above 

12 8 

Very quick changes —yellow solution 
— emerald green— deep pure blue- 
purple— brown (within 5 minutes) 
The last colour faded quickly to palej 
yellowish-brown which was stable for 
1 hour, and became dirty brown after 
24 hours 

Same changes as above , but the tinge after 24 
hours was green-brown 

13 4 

1 

Same changes as above , but the purple 
was less prominent 

Same changes as above, the green-brown giving 
place to faint brown 


Preparation of Hexaacetyl Cannabiscetm — The flavonol was acetylatcd 
by boiling with acetic anhydride and anhydrous sodium acetate. The acetyl 
A2 9 
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derivative was sparingly soluble in alcohol and freely in acetic anhydride 
When crystallised from a mixture of acetic anhydride and alcohol, it came 
out as fine colourless needles sintering at 210“ and melting at 214-15“ One 
more crystallisation from glacial acetic acid raised the melting point to 215- 
17“. [Found C, 56 6; H, 3 9, CibH^O, (OCO CH,), requires C, 56 8. 
H.3 9%] 

Preparation of Hexamethyl Cannabtscetin — (a) The flavonol (1 5g) 
dissolved in methyl alcohol (30 c c ) was treated with excess of methyl iodide 
(15 g) and refluxed on a water-bath After sometime, methyl alcoholic 
potash (7 g of potash in 100 c c of methyl alcohol) was slowly added over a 
period of six hours The solvent and the excess of the reagent were then 
distilled off, and water was added to the residue After cooling, the alkaline 
liquid was just made acidic, when the ether separated out gradually as a 
sticky mass It was purified through repeated crystallisations from alcohol 
using a little animal charcoal, and was obtained as colourless needles having 
the appearance of cotton wool 

{b) The pigment was also methylated through its acetyl derivative 
according to the method of Rao and Seshadri * Acetyl cannabiscetin (1 g ) 
was dissolved in acetone (50 c c ) and treated with dimethyl sulphate (10 c c ) 
and 20% sodium hydroxide (10c c) alternately in small quantities, shaking 
vigorously after each addition Finally the mixture was made strongly 
alkaline by the addition of 5 c c more of the alkali The next day it was 
refluxed on a water-bath for an hour The solvent was then driven off and the 
alkaline solution acidified with dilute hydrochloric acid, when the ether 
separated out The solid was filtered and crystalhsed from dilute alcohol, 
using a little animal charcoal The yield was 0 6 g 

The samples as obtained from the above two experiments were found 
to be identical and melted at 175-76“. [Found in the sample dried at 110“. 
C, 62*3, H, 5 4, OCHs46 1%, Ci 5 H 40 j( 0 CH,), requires C, 62 7, H, 5 5, 
OCHj 46 3% ] 

Gossypetone Reaction with the F/avono/— The substance (0 5g) was 
dissolved in absolute alcohol (8 c c ) and ^-benzoqumone (0*2 g ) dissolved 
in a small amount of alcohol was added to the solution. A dull red crystal- 
line substance began to separate out gradually When the separation was 
complete, the solid was filtered and washed with a small quantity of absolute 
alcohol [Found C, 56 8, H, 2 4, C„HaO, requires C, 57 0, H, 2 5%.] 
It had the appearance of red phosphorus When treated with a drop of 
dilute alkali, it dissolved producing a blue solution which became red on acidi- 
fication On reduction with sulphurous acid, it gave back the original 
pigment. 
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Oxidation of the Flavonol Isolation of Trmethyl Gallic Acid — The 
ilavonol (1 g.) was dissolved in 50% potassium hydroxide (15 c c ) and left 
exposed to air for 24 hours with occasional stirring It was then diluted 
until the strength of the alkali solution was about 20% and then treated with 
excess of dimethyl sulphate (15 cc) in small quantities After some time, 
the excess of the methylating agent was decomposed by heating on the water- 
bath and the solution acidified with hydrochloric acid The mixture looked 
brown and contained a good amount of resin It was extracted with ether 
twice and the extract after evaporation left behind a brown viscous liquid 
which, on leaving in a refrigerator overnight, deposited a colourless crystal- 
line solid But the substance was still mixed up with a brown viscous resin, 
and the separation of the two by the ordinary methods of crystallisation was 
unsuccessful The mixture was, therefore, pressed on a porous plate, when 
all the brown viscous liquid was absorbed by the plate, leaving free the colour- 
less crystalline solid It was scraped out and crystallised from water using 
a little animal charcoal It was obtained as fine needles melting at 168-69”, 
and was found to be identical with the tnmethyl ether of gallic acid 

Alkaline Hydrolysis of Hexamethyl Cannabiscetin — The methyl ether 
(0 5 g ) was refluxed for 6 hours with 50% potash (20 c c ) in a silver flask. 
At the end of this period, a major part of the solid was decomposed. The 
clear alkaline solution was diluted and then acidified with hydrochloric acid 
On extraction with ether, the solution yielded a small amount of tnmethyl 
gallic acid melting at 167-68° The identification was confirmed by taking 
the mixed melting point with an authentic sample 

Summary 

The colouring matter of the flower petals of Hibiscus cannabinus con- 
sists mostly of the glucoside cannabiscitrin along with small quantities of the 
corresponding aglucone cannabiscetin. The properties and reactions ot 
these two substances are described along with those of some of their 
derivatives. 

Cannabiscetin forms a hexaacetate and a hexamethyl ether It is a 
flavonol exhibiting similarities with gossypetin and herbacetin particularly 
in regard to alkali colour reactions and gossypetone reaction It yields galhc 
acid on being subjected to alkali fission, its methyl ether producing tnmethyl 
galhc acid It is, therefore, concluded to be 3 5 8 3' 4' 5' hexahydroxy 
flavone. 
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Perkin’s reaction was probably first used by him (1868) for the preparation 
of the valuable perfume coumanne Although cinnamic acid had actually 
been prepared from benzaldehyde a little earlier, namely, by Bertagini (1856) 
who had heated the aldehyde with sodium acetate and acetyl chloride in a 
scaled tube at 120-30'’, and by Schiff (1870) who heated benzaldehyde with 
acetic acid and hydrochloric acid or zinc chloride in a sealed tube at 1 10-20°, 
and although controversies regarding the exact mechanism of Perkin’s re- 
action started immediately, the method, with a little modification, soon 
became popular and attained a classical status in organic laboratory work 
(1877) It is still of very wide application 

The substitution of acetic acid by malonic acid was the next important 
step Indeed it is interesting to realise that it was only in the 
course of the controversy about the mechanism ol the reaction, going on 
between Perkin and Fittig, that the discovery was made by Stuart in Fittig’s 
laboratory (1883), that the condensation of benzaldehyde to cinnamic acid 
took place equally well when sodium acetate was replaced by sodium malo- 
nate Stuart also showed that instead of using acetic anhydride at 180°, if 
glacial acetic acid was used at 100°, better results were obtained This 
method was then used by many workers, such as Komnenos (1883), Stuart, 
(1886), Fittig and Mackenzie (1894) and others Satisfactory yields were 
also reported by Michael (1884) who merely heated the aldehyde with malonic 
acid alone in a sealed tube for several hours at 130-40° 

The next important change, so intimately associated with the name of 
Knoevenagel (1898), saw the introduction of a base, organic as well as in- 
organic, in place of acetic acid His work was at first limited to aromatic 
aldehydes only (1896) but it soon extended to aliphatic aldehydes also 
(1902), and is now well known to travel far beyond this simple aldehyde- 
malonic acid condensation The inorgamc base was ammonia, in the form 
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of alcoholic ammonia or ammonium malonate or chloride The organic 
bases were either the primary bases like aniline and ethylamine, or the second- 
ary ones like diethylamme and piperidine, or piperidine hydrochloride 
The inorganic and the primary organic bases were employed in full molecular 
or even larger proportions, but the secondary bases were employed in small 
proportions only Piperidine in a few drops, the “ Knoevenagel's Reagent ” 
IS now a very useful ally of the synthetic chemist (1894-1904) 

It IS remarkable that Knoevcnagel did not find much use of pyridine or 
of any tertiary organic base It was Verley, according to Boxer and Linstead, 
who used It first (1899) , this use was extended widely by Doebner (1900 and 
onwards) and others A very important observation is that of Harding and 
Weizmann (1910), who specially recommended the use of a tertiary base in 
cases like the preparation of nonylenic acid from heptaldehyde, where Perkin's 
method gave poor yields of a mixed product and where Knoevenagel’s bases 
gave small yields invariably mixed up with other condensation products 
(such as those formed from the usual SichifT's condensation of aldehydes with 
bases) For this and similar condensations, pyridine was generally used in 
full molecular proportions, or even in greater excess Staudinger advised 
the use of anhydrous pyridine in dry ethereal solution Florence (1927) also 
recommended the same method for the synthesis of a-)9 unsaturated aliphatic 
acids 

The present-day practice in fact favours the combination of pyridine with 
piperidine, as first recommended by Robinson to Perkin (1924) Haworth, 
Perkin and Raukin (1924) did not obtain more than a 30% yield of 3 4- 
methylenedioxycinnamic acid from piperonal by Perkin’s method, but found 
that, following Robinson's suggestion, the yield became ‘ almost quantitative ’ 
when piperonal, malonic acid and pyridine were taken in 1 2 5 6 mol 
proportions with a small amount of piperidine [About ten years later, the 
same yield was obtained in this laboratory by Vahidy (1935) when the three 
were in th? proportion of only 1 10 15 mol ] To-day the proportion of 

pyridine taken is about 3 5 mols for 1 of the aldehyde, according to the 
method established by Robinsin and Shinoda (1925) 

The fact that pyridine is also such an excellent solvent for so many sub- 
stances and should therefore be used in liberal proportions to help the conden- 
sation on, and the other fact that as a tertiary base it is less active and strong 
than piperidine, and may be taken as inert, are probably responsible for the 
omission, in investigation as well as in literature, of the observation of the 
catalytic activity of pyridine The earkest suggestion to this property seems 
to be contained in the interesting account of Bacharach and Brogan (1928), 
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who report that a few drops of pyridine used m Perkin’s synthesis of cinnamic 
acid increased the yield to an optimum value of 85% (Had they used the 
pyndine alone, without the sodium acetate and acetic anhydride, they might 
have obtained the still higher yield of about 95 % — vide Experimental ) A httle 
later, Boxer and Linstead (1931) found that ’Tertiary bases as such have a 
delinite catalytic activity ’ A general and systematic study of this catalytic 
activity has still to be made 

The work of Florence (1927) led Surange in this laboratory in 1929 
to apply the pyridine method to a synthesis of aromatic a-P unsaturated acids 
When applied to aromatic aldehyde-malonic acid condensation, the original 
method had to be modified Nearly quantitative yields were obtained of the 
corresponding cinnamic acids from benzaldehyde and from o-, m- and p-nitro- 
benzaldehydes, when the aldehyde, malonic acid and dry pure pyridine were 
heated together without any solvent on the water-bath for a lew hours 
Cinnamaldehyde also gave the same high yield, but of a mixture of cinnama- 
lydene-malonic and phenvlacrylic acids (unpublished) Surange’s failure to 
obtain any condensation product from hydroxy-benzaldehydes seemed to have 
been shared by other workers, viz, Dutt, who had used an indefinite 
pyridine-piperidine mixture (1925) 

The problem of the hydroxy-benzaldehydes was reinvestigated by Kunen 
and Pandya in 1931, who found that only a few drops of pyridine instead of 
one molecule, were able to do the work, and that in this way pyridine was as 
good a catalyst as piperidine or other tertiary bases (1934) The work has 
thereafter been pursued, and most of it published, (i) with a large number of 
aromatic aldehydes, (ii) with traces of other organic bases as well, most of 
which were tertiary, and (lu) with not only malonic acid, but also with malonic 
ester (occasionally) and with malonanilic acid (Mehra, 1938, 1939, Ittyerah, 
1941, and Miss Pandya, unpublished) and with the three malon-(^•, m- and 
p-toluidic acids (Ittyerah, unpublished), all of which contain the same re- 
active methylene group. 

In all the above cases pyridine has been found to be a very efiecient cata- 
lytic agent Other organic bases too show a similar ability in varying degrees, 
though one cannot say oif-hand as to which base might give the maximum 
yield m a particular condensation Thus with salicylaldehyde, it was methyl- 
acridine that gave the highest yield (Khan and Kurein, 1935), with piperonal 
piperidine (Vahidy, 1935), with anisaldehyde isoqumoline (Vahidy, 1936), 
with m-hydroxybenzaldehyde pyndine (Vahidy, 1936), and so on 

When no base and no other chemical agent is present and when the 
aldehyde and the acid are heated up alone, the condensation proceeds to take 
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place very slowly, the yield is very much smaller unless the healing is pro- 
longed, and the condensation proceeds without the decarboxylation, the 
undecarboxylated product being isolable, under suitable conditions, in excel- 
lent yields and in a state of purity In cases when on the aromatic ring the 
aldehyde has also other groups present, their nature and number have gener- 
ally a very far-reaching influence on the whole reaction, particularly on its 
speed and on the yield 

This last point has already been made in an earlier paper by Pandya and 
Sodhi (1939) Recently Lock and Bayer (1939) have also made a study of 
the influence of groups on the yiedls obtained during Perkin’s reaction under 
standardised conditions A comparison can thus be made of the influence 
of groups in Perkin’s reaction with the influence in the pyridinc-tracc 
condensation 

Under the conditions chosen, these workers obtain a yield of 49% of 
cinnamic acid from benzaldehyde The influence of the halogen atom is 
stated to produce higher yields of the corresponding cinnamic acids, the 
position and the number of the halogens making an evident difference Thus 
chlorine is stated to give the following yields, which are all higher than that 
given by the unsubstituted benzaldehyde, i e , higher than 49% 

Position of chlorine 2 3 4 2-3 2-5 2 6 2-3-6 nil 

Yield % 71 63 52 62 78 82 66 49 

That the yields are higher than those obtained from ordinary unsubstituted 
benzaldehyde is undoubtedly true, but no other generalisation regarding the 
influence of number and position would be safe as the figures arc so irregular 

In the present paper the condensations of benzaldehyde, of the three 
chlorobcnzaldehydes and of m-bromobenzaldehyde with malomc acid and 
with a trace of pyridine, as well as in the absence of any condensing agent, 
have been studied In all the cases, the reactions go very well under the condi- 
tions described Benzaldehyde with only four hours’ heating on the water- 
bath, in the presence of a few drops of pyridine, gave a 95% yield of cinnamic 
acid With the entree of a halogen, the reaction was very obviously quickened, 
so that in the case of the four haloid-benzaldehydes, the reaction was often 
completed in one hour, the yields were quantitative and the products, there- 
fore, unusually pure There is no doubt about the accelerating influence of 
chlorine and bromine here, nor any about this being the best of all the 
methods found in literature for the preparation of o-, m~ and p-chloro- and 
wi-bromocinnamic acids. 

Originally all these four acids were first prepared by Gabriel (1882) and 
Gabriel and Herzberg (1883) by a roundaltout process of pr^rmg first 
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the desired nitrocinnamic acid, which was then reduced to the corresponding 
aminocinnamic acid, which was then diazotized to the diazonium nitrate or 
sulphate, and then this was warmed with fuming hydrogen chloride or with ten 
parts of strong hydrobromic acid o-Chlorocinnamic acid was obtained a 
little later by Stuart (1888) from o-chloro-benzdlmalonic acid, itself prepared 
by the ‘ Stuart-method ’ of heating o-chlorobenzaldehyde with malonic acid 
and glacial acetic acid Perkin's method was first applied to rii-bromobcnz- 
aldehyde by Miller and Rohde (1890) who, after heating the Perkin mixture 
at 140-50" for as many as twenty hours, obtained a 73% yield of /w-bromo- 
cmnamic acid Perkin’s method was applied to the three chiorobenzaldehydcs 
by Meyer and Beer (1913) and by Meyer, Beer and Lasch (1913), these have 
been confirmed by Lock and Bayer (1939) and have been stated above 
Neither this nor any other group of workers has referred to the condensation 
of w-bromobenzaldehyde by Perkin's method under the standardised condi- 
tions, though they make a comparison of all the /i-haloid-bcnzaldchydcs 
thus the yields of p-bromocmnaraic acid from /?-bromoben/aIdch>dc in two 
experiments (Perkin) are given as 48 6 and 52 6% respectively This is about 
the same as their yield of the p-chlorocinnamic acid Could wc thus assume 
that the yield of the m-chlorocinnamic acid would be about the same as the 
yield of the wbromocinnamic acid, their yield of the latter might then be 
about 63% Against this, the yields of these four haloid-cinnamic acids 
obtained by our pyridine method range between 97 and 99% 

All the four haloid-benzaldchydes also condense with malomc acid 
when heated alone with them, giving, under carefully controlled conditions, 
nearly quantitative yields of the corresponding haloid-benzalidene-malonic 
acid of these only one, the o-chlorobenzalmalonic acid, has been previously 
described (Stuart, 1888) 

The halogen undoubtedly increases the yield in the Perkin as well as in 
the pyndme-trace condensations, but the influence of the position of the 
halogen does not seem to coincide in both The p-chlorme which seems to 
be most helpful in the pyndme-trace condensation appears to be the reverse 
m the Perkin condensation 

The three chiorobenzaldehydcs undergo a similar condensation with 
malonanilic acid, but the details of this must find place m a separate paper 

Experimental 

Condensation of Benzaldehyde 

In the Presence of a Trace of Pyridine — 1 06 g benzaldehyde, 1 04 g 
dry malomc acid and 0 13 g pyridine, purified in the usual way, (1 1 
0 IS mol ) were heated together on water-bath for four hours , the mixture 
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soon became a homogeneous liquid and effervescence commenced within ten 
minutes of the heating and continued for about an hour Cinnamic acid 
came out at the end in white crystals, which were extracted as usual and which 
then melted at 133° and weighed 1 4g or 94 6% of theory In another 
experiment the heating was stopped after two hours only , the yield was 1 3 g 
or 87 8% This is considerably greater than that of Bayer and Lock, and is 
higher than the highest yield claimed under Perkin’s method under the most 
favourable conditions 

Without any Condensing Agent — The same amounts of benzaldehyde and 
malonic acid were heated alone separately on water*bath in three different 
flasks that were heated respectively for four, six and eight hours The mixture 
did not become a homogeneous liquid and no effervescence was observed 
After about ten minutes a pinkish colour began to make its appearance and 
after one hour the whole mixture had become a pinkish solid mass At the 
end of the heating, the benzalmalonic acid was extracted as usual by means 
of sodium carbonate and hydrochloric acid It melted at 195-96° and 
weighed 1 5, 1 5 and 1 3 g respectively, the yield thus being 78, 78 and 73% 
respectively 

The Condensation of p~ChhrobenzaIdehvde with Malonic Acid 
(i) In the Presence of a Trace oj Pvridme 

The Materials — The p-chlorobenzaldehyde was very pure and melted 
at 47° (Literature gives 47°, 48^ 49°, Bcilstein ) The malonic acid, Merck, 
Pure for Scicntic Purposes, was powdered, dried at 100° and kept in a desic- 
cator Pyridine, Extra Pure, Merck, or Purest, Schering-Kahlbaum, was 
kept over sticks of pure caustic potash for several days and fresh-distilled 
(bp 114-115°) 

p-Chlorocmnamu Acid — 1 04 g malonic acid, 1 4g p-chlorobenzal- 
dehydeandO 14 cc pyridine (1 1 0 16 mol proportions, 1/lOOth mol wt ) 

were mixed in a flask and heated on water-bath without a condenser for 
four hours The reaction started very quickly in two minutes the whole 
fused to a homogeneous liquid and effervescence commenced In another 
flve minutes, a cream-coloured solid mass made its appearance, and the whole 
mass had become perfectly solid long before the heating was stopped It was 
allowed to cool, treated with 10% sodium carbonate solution and the small 
amount of the residue was removed by filtration As the residue, however, 
gave the same high melting-point as the crude product, namely, 235°, it was 
clear that it was not the unreacted aldehyde, melting at 47° in fact 
treatment with hot sodium carbonate solution dissolved it completely, and, 
on acidification of both the extracts, the same white precipitate was obtained! 
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On washing with water it melted at 245° This must be highly pure as its 
melting-point, even before recrystallisation, was higher than that given 
m literature (240-42°, Gabriel and Herzberg, he cit ) 

The p-chlorocinnamic acid was a cream-coloured indistinct crystalline 
mass, very slightly soluble in water, alcohol, benzene, chloroform or carbon 
tetrachloride in the cold, slightly soluble in hot water or hot benzene, and 
soluble in acetone or in hot alcohol Recrystallisation raised its melting- 
point to 246-47°, and it came out in long silky needles It at once decolour- 
ized Baeyer’s reagent Yield 1 8g (theoretical yield 1 825 g) 

In another experiment, the reaction mixture, of the same composition 
as above, was kept on the water-bath for only one hour instead of four, as 
the reaction seemed then to be complete No aldehyde was recovered back, 
the p-chlorocinnamic acid was sufficiently pure, as, after a washing with 
water, it melted at 244-245°, and it was not necessary to extract it with 
sodium carbonate solution or to prepare the not very soluble sodium salt 
The yield was again quantitative, and the melting-point, after recrystalli- 
astion, 247° (Lock and Bayer give the same ) 

(ii) In the Absence of any Condensing Agent 

P’Chlorobemalmahnic And — The aldehyde and the acid (1 /100th mol) 
were heated alone, as before, on water-bath The reaction was much 
slower , It required an hour's heating to change the whole to a clear liquid 
and there was no effervescence, even during eight hours’ heating Slowly a 
solid began to be formed and took several hours to be completed The 
crude product was treated with cold 10% sodium carbonate solution which 
dissolved the whole and left no residue Acidification with hydrochloric 
acid yielded a slightly cream-coloured solid, which was filtered and washed 
with cold water The acid immediately decolourised Bayer's reagent, was 
very little soluble in cold water, moderately soluble in excess of hot water and 
easily soluble in alcohol or acetone even in the cold Rccrystallised from 
dilute alcohol, or dissolved in minimum quantity of alcohol and.precipitated 
on scratching after the addition of a large amount of water, it came out m 
white needles, and after drying in the desiccator for 24 hours, it melted with 
effervescence at 197-98° The yield was 1 8g or about 80% of theory 

In a second experiment it was observed that the reaction was really 
completed in four hours and the yield then— 2 25 g — ^was quantitative 
Further confirmation of its identity was obtained from analysis (Cl, found, 
by Pina and Schiff’s method 15 63%; CioH^OiCl requires 15 67% Equi- 
valent weight by titration, founds 113 2 p-chlorobenzalmalonic acid requires 
113-25. Molecular weight, silver salt, found 226 4 ; theory requires 226 • S ) 
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(ill) Condensation with Ethyl Malonate • 

3 2g Ethyl malonate, Schering, Extra Pure, fresh redistilled, 2 8 g. 
p-chlorobenzaldehyde and 0 28 c c pyridine (I/SOth mol ,1 1 0 16) were 
mixed and heated together on water-bath for 26 hours White needle 
crystals separated out of the liquid on cooling They were filtered off 
from the mother-liquid, washed, dried on a porous plate, washed on the 
porous plate with a little water and dried m p 23S° Insoluble in water 
and easily soluble m alcohol, the substance had the characteristic fragrant 
smell of esters Yield 1 Og (18% of theory) Rccrystallised from alcohol. 
It melted at 237° It instantly decolorised Bacyer’s reagent (Cl, Found 
12 09%, Ethyl p-chlorobenzylidenemalonate. CUH 5 O 4 CI requires 12 56%) 

The Condensation oj m-Chlorobenzaldehyde with Malonic Acid 
(i) In the Presence of a Trace of Pyridine — 

m-Chhroiinnamic Acid — The aldehyde, the acid and pyridine were 
taken in the same proportion as above and heated on the water-bath The 
reaction was slower distinctly than was observed with the p-isomer It took 
ten minutes to liquefy completely and the effervescence continued much 
longer In half an hour, the whole became solid again and the heating was 
stopped after one hour The crude product was white and melted at 159° 
It dissolved in sodium carbonate solution without leaving a residue, and 
m-chlorocinnamic acid was easily recovered on acidification of the sodium salt 
solution After filtration and washing with water, it melted at 160° If 
was readily soluble in cold acetone, soluble in alcohol and in hot benzene, less 
in hot water, still less in cold benzene Recrystallised from alcohol repeatedly, 
the melting point remained stationary at 163° Gabriel and Herzberg 
describe it as indistinct yellow, melting at 176", which is not confirmed other 
workers, however, give the melting point at 165° (Heilbron, Dictionary of 
Organic Chemistry , 1 , 276) It decolorised Baeyer’s reagent Yield 1 8 g 
(theoretical 1 825 g from 1 4 g of the aldehyde) 

(li) Condensation without any Condensing Agent 

m-Chlorobenzyilidenemalonic Acid — 1 04 g Malonic acid and 1 4 g 
m-chlorobenzaldehyde were heated alone on the water-bath for four hours 
A soUd with a pale pink tint had been formed at the end, which dissolved 
completely in si^ium carbonate solution , from this, on acidification, a cream- 
coloured solid was obtained which decolorised Baeyer’s reagent, and which, 
on recrystallisation from alcohol, melted at 184-86° It weighed 2 2g 
(theoretical yield -2 25 g ) (Equivalent weight, found by titration with 
standard alkali, 113 6 ; the dibasic acid CioHfOfCl requires 113 25 Cl, 
found: 15-29%; the chlorobcnzylidene-inalomc acid requires 15 67%) 
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The Condensation of oChlorohenzaldehyde with Malonic And 
(i) Fn the Presence of a Trace of Pyridine 

o-Chlorocinnannc Acid — The three were heated in the usual proportions 
on a water-bath In ten minutes the reaction mixture became a clear liquid 
and efTervescence started Within half an hour a white solid began to 
be formed After four hours’ heating, the cold product was treated with 
a little cold water and a little ether The remaining crude product melted at 
207° and, when recrystallised from alcohol, melted at 210° Further recrystal- 
lisations raised the melting point to 211-212° The o-chlorocinnamic acid 
was then in the form of colourless needles In literature Gabriel and 
Herzberg (1883) have described it as indistinct yellow, melting at 200° ; 
Stoermer (1911) gives 205° as the mp and Lasch (1913) gives 211° The 
yield was 1 8 g (the theoretical is 1 825 g ) 

Condensation without any Condensing Agent o-Chhro-benzalmalomc 
Acid — 1 4g o-chlorobenzaldchyde and 1 04g malonic acid were heated 
alone on a water-bath for six hours There was no effervescence, but the 
reacting mass began to solidify after only one hour's heating The product 
was washed with water and dried it melted at 185°, and, when crystallised 
from hot alcohol, it cams out in white crystals, melting at 192° Stuart also 
gives 192° It weighed 2 1 g (93% of theory) 

Condensation of m-Bromobemaldehyde 

In the Presence of Pyridine — 0 925 g m-Bromobenzaldehyde, 0 52 g 
malonic acid and 0 07 g pyridine were heated together on a water-bath 
The mixture immediately became a clear liquid and effervescence started 
within five minutes Within half an hour a pale yellow solid began to come 
out in the liquid In two concordant experiments, the total heating was two 
and four hours respectively The solid dissolved completely in sodium 
carbonate solution, and the addition of concentrated hydrochloric acid drop 
by drop brought about the separation of white crystals of /n-bromocinnamic 
acid The yields were 1 0 and 1 1 g respectively, corresponding to 88 5 
and 97% of the theoretical The crude product melted at 170°, the 
recrystallised at 174° 

Condensation in the Absence of a Condensing Agent ra-Bromobemal- 
malonic Acid — 1 04 g malonic acid and 1 85g m-bromobenzaldehyde were 
heated alone on a water-bath in two separate flasks for four and eight hours 
respectively The reacting mass did not hquefy nor effervesced, but in about 
45 minutes a pale yellow solid began to emerge in view, till, as usual, the 
whole mass set as a solid This was treated with cold sodium carbonate 
solution, the residual resinous matter filtered off and m-bromobenzalmalonic 
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acid precipitated as a white shining crystalline mass by careful treatment with 
strong hydrochloric acid The acid was very soluble in cold alcohol and 
acetone, and was recrystalhsed from ben/ene or dilute alcohol or a benzene- 
alcohol mixture It melted with effervescence at 192"’ The yields were 
2 4 and 2 7 g or 87 and 99% of theory, respectively 

[ Bromine found = 29 86% bromobcnzalmdlonic acid CioH 704 Br 
requires 29 52% Equivalent weight found by titration =- 135 4 , required 
- 135 5 ] 

Summary 

1 Benzaldchydc and four haloid-bcnzaldchydcs have been condensed 
with malomc acid, in the presence of a trace of pyridine as well as in the entire 
absence of any condensing agent 

2 The yields in all cases have been excellent, in some cases almost 
quantitative 

3 Chlorine and bromine have undoubtedly accelerated the condensa- 
tion and increased the yields 

4 Compared to the yields obtained by Perkin’s method, these yields 
arc very superior, the condensations quicker and the products cleaner 
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In a previous communication,^ it vi^as reported that by the extraction of the 
secd-cake of Pongamia glahra higher fatty acids along with some karanjin 
could be obtained In our search for the presence of any further insecticidal 
principles, the cake was next subjected to extraction with alcohol and from 
this was obtained a small yield of a crystalline nitrogenous substance Since 
its properties and reactions are not identical with any known compound, 
it IS considered to be a new substance and it has been named Glabnn It is 
best obtained from mature seeds since otherwise it has been noticed that the 
yield becomes practically negligible 

Glabnn melts at 290" with decomposition and has the empirical formula 
C,Hj 4 N 04 It IS very sparingly soluble in all the organic solvents On the 
other hand it goes readily into solution in water It is optically active and 
exhibits all the properties of a-amino acids of the dicarboxylic type, the 
most important being the ninhydrin test and copper salt formation Attempts 
to determine the molecular weight have not been quite successful However, 
titration with alkali without formalin and with the addition of formalin 
(Sorensen’s titration) fixes the minimum molecular weight at 580 and con- 
sequently the molecular formula may be tentatively given as CaiH^N^Oia 
Attempts to hydrolyse it using hydrochloric acid were not successful 

Since the yield ot the substance is very low (0 1%), its extraction extremely 
slow and since it has no marked physiological properties, no further detailed 
work has been undertaken 

Experimental 

The seed-cake of Pongamia glabra (3 kg ) left behind after extraction 
of the seeds with petroleum ether was freed from the solvent and was sub- 
sequently extracted with methylated spirits m a continuous extraction appa- 
ratus The process was very slow and therefore it was continued for 60 hours. 
The receiver containing the extract was set aside for a few days to complete 
the deposition of the crystalhne sohd that began to separate It was then 
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filtered and washed with light petroleum On careful examination it was 
found to be a mixture and that the components could be separated easily 
because of their differences in solubility m alcohol The one that went easily 
into solution in hot alcohol was identical with karanjin in all its properties 
The second which was sparingly soluble in all the common organic solvents 
could not be rccrystallised in the normal manner, but, however, advantage was 
taken of its solubility in water The substance (3 g ) was dissolved in the 
minimum amount of water (10 c c ) and then Altered so as to remove all the 
adhering impurities The clear solution was then decolourised with vegetable 
carbon Since attempts to obtain the substance in a pure condition, as for 
example by evaporating the aqueous solution, were unsuccessful, alcohol 
was added to the colourless aqueous solution in order to precipitate the sub- 
stance As the addition of alcohol did not bring about the separation of the 
substance, a large excess of ether was added to the aqueous alcoholic solution 
Glabrin separated out as a shining colourless crystalline solid (rectangular 
plates) The mixture was allowed to remain overnight to facilitate the com- 
plete precipitation of the substance and was then filtered and air-dricd 

Glabrin was found to melt with decomposition at 290" and contain 
nitrogen [Found C, 47 8, H, 8 0, N, 8 0%, C 7 H, 4 N 04 requires C, 47 7, 
H, 8 0, N, 8 0%] It went easily into solution in aqueous alkalies and 
acids Further, its aqueous solution gave acidic reaction to phenolphtha- 
Icin and litmus and produced effervescence with sodium carbonate and 
bicarbonate, indicating thereby the presence of one or more free carboxylic 
groups in the molecule It exhibited optical activity and had a specific 
rotation,— 56 T 

When an aqueous solution of glabrin was boiled with alkali, no ammo- 
nia was evolved Further, it did not produce any precipitate with Nessler's 
reagent This eliminates the possibility of glabrin being an ammonium salt 
However, it produced a deep blue colour when a pinch of copper carbonate 
was added to its aqueous solution and the resulting copper salt was found to 
crystallise in leaflets. It did not give the tests for an amino group But on 
reduction with sodium and alcohol, it responded to the carbylamine reaction 
In this connection it has been found that aspartic acid also does not directly 
give the carbylamine reaction Glabrin gave a blue coloor when boiled with 
ninhydnn This is a test which ail acids having a free ammo group in the 
a-position to a free carboxylic group give It is known that ninhydrm reaction 
IS very sensitive in cases of ammo acids and that ammonium salts also give 
a positive reaction provided the concentrations arc sufficiently high But the 
latter possibility has been ruled out as already described. 
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A solution of glabnn in water was titrated with standard alkali without 
and with the addition of formalin The amount of alkali consumed in the 
latter titration was dhuble that in the former This clearly indicates the 
presence of one amino group and two carboxylic groups in the molecule. 
The calculated equivalent weight of the substance from the above data 
was 580 

Glabnn was subjected to acid hydrolysis using 20% hydrochloric acid 
with a view to obtain simpler products which could be more easily identified 
But the resulting product was found to melt at the same temperature as 
glabnn and the mixed melting point of the substance was not depressed 

The toxic effect of glabnn on fish was studied by placing small fresh 
water fish in a solution of the substance in water (1 g in 1000 c c ) As there 
was no perceptible change in the fish even after 24 hours, it was concluded 
that glabnn is non-toxic fish 

The authors wish to express their gratitude to Prof T R Seshadri for 
his interest and guidance throughout the work 

Summary 

A new nitrogenous substance has been isolated from the seeds of 
Pongamia glabra and has been named Glabnn Its composition and pro- 
perties have been studied It seems to belong to the group of complex amino 
acids and is non-toxic to fish 

REPERENCF 

1 N V S RaoandJ V Rao //.Cf , 1940, 27, S26 
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In continuation of the study' on the relationship between chemical consti- 
tution and physiological activity of sympathomimetic amines derived from 
various ring-systems, one member of the group of j8, j9-bis-aryl-j8-hydroxy 
ethylammes belonging to the phenanthrene series, vtz , /S, /5-bis (9-phcn- 
anthryl)-^-hydroxy ethylamine (I), has now been synthesised in the usual 
way The present study also included the synthesis of a /9-aminoethyl iso- 
quinoline (IT) and a jS-aminoethyl phcnanthridine (III) on the following lines 

0-CMH,MRBr-l H,N CH,-CO,Et, HCl ► )»C(OH) CH, NH, 

(I) 




Clf.’CIt.'Br CHz'CHg'Br CHs^CHs'NIIj 

(HI) 


The scheme for the synthesis of compounds (II) and (III) had, however, to 
be ultimately abandoned owing to very low Yields of the intermediate 
/3-bromoethyi isoquinoline with the former and the failure of the cyclisation 
to 9-j3-bromoelhyl phenanthndine in the case of the latter 

A survey of the literature on sympathomimetics brought to light the highly 

r y\/\ 1 

significant observation* that methylaminohydnndene | I c< 

isA/ 

IS intensely active by virtue of its being doubly a )9-phenyl ethylamine Based 

126 
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on the above finding and actuated by considerations of the relative ease with 
which such bodies could be synthesised, the following compounds, possess- 
ing the requisite structure necessary for sympathomimetic activity, have been 
prepared 


(iv; 

(CaHt),C(OH)<CH>CHfCtHa 

NH, 

(VI) 



(C(Hs)iC(OH)<CHi NH| 
(V) 

NHt 

(VII) 



(VIII) (IX) 

A close examination of the formulse-picture of the compounds IV to VIII 
reveals the active groups, Ar C C N, being repeated in their molecules The 
compound (IX), in addition to falling structurally in the class of the sympa- 
thomimetic norhydro hydrastinines, constitutes an interesting variation of a 
/3-amino ethyl tetrahydro isoquinoline, wherein the o- and /5-carbon atoms 
are linked by a double bond and form part of an aromatic nucleus 


A few of these compounds (IV, V and VI), although known in literature, 
were included for purposes of a comparative pharmacological study in pro- 
gress elsewhere /S, /S-Diphenyl ethylamine* (IV) has advantageously been 
prepared now in good yields by the Hoffmann degradation of /5, /5-dtphenyl 
propionamide * The customary methods were adopted for the synthesis 
of the other members of the group 

The results of pharmacological examination of about twenty final com- 
pounds, hitherto synthesised, compared to tyramm as control, have been 
reserved for a future communication 


Experimental 

/8, P-Bts-(9-phenanthryl)’P-hydroxyethylamine (/) hydrochloride — A 
Gngnard solution was prepared according to Bachmann* from magnesium 
(3 54 g), 9-bromophenanthrene^ (38 3g) and a mixture of ether (100c c) 
and benzene (100c c) in an atmosphere of dry nitrogen Glycine ester 
hydrochloride (6 7 g ) was added and the mixture reffuxed for 1 hour on the 
water-bath, cooled, decomposed with dilute hydrochloric acid and the 
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separated solid filtered The hydrochloride was recrystallised once from 
alcohol-ether and once from dilute hydrochloric acid as almost colourless 
needles, m p 239-40® (dec ) [Found Cl, 8 23 , CapHjtONCl requires Cl, 
7 90% ] 

The picrate was obtained as greenish-yellow needles, m p 209-10“ (dec ) 
[Found N, 8 36, CseHMOgN* requires N, 8 73%] 

l-P-Bromoethyl-3 4~dihydro~6 1-dimethoxy isoqmnohne 

P~Bromopropwny] chloride — /3-Bromopropionic acid* (20 g ) and thionyl 
chloride (18 c c ) were heated together on the water-bath for 2 hours, and the 
reaction mixture fractionated The acid chloride was ^obtained as an almost 
colourless, lachrymatric oil, bp 115-17“/30mm Yield 15 4 g 

P-Bromopropionyl homoveratrvlamtde — A mixture of homoveratrylaminc* 
(5 g ) and /3-bromopropionyl chloride (5 g ) in a little petrol was strongly 
cooled and gradually treated with dilute sodium carbcj^ate under shaking 
The amide separated from water in long, colourless, pri’tmatic needles, m p 
120-21®; yield 2 5 g [Found N. 4 28; C„HuO,NBr i^uires N. 4 43% ] 

\'P~Bromoethyl-3 4-dthvdro~6 l^dmethoxy isoqumohne — The above 
amide (2 4 g ) in chloroform (20 c c ) was allowed to react at the room tem- 
perature with phosphorus oxybromide (10 g ) for 1 week with the exclusion 
of moisture The isoquinoline was obtained as a thick brown oil, yield, 0 4 g 
One half of the unreacted amide was recovered at the end of the experiment 
The picrate separated from acetic acid as a yellow powder, decomposing at 
166-68“ [Found N, 10 12, CuHiANiBr requires N, 10 63% 1 

fi-Bromopropionyl'0-ammO‘diphenyl, obtained in 50% yield, crystallised 
from alcohol in colourless needles, mp 118° [Found N, 4 80, 
CijHjiONBr requires N, 4 83% ] 

j8, P-Diphenyl ethylamine (/F) hydrochloride 

j8, P’Diphenyl propionamide * — )5, ^-Diphenyl propionic acid^* (15 g ) 
in chloroform (50 c c ) was treated with thionyl chloride (10 c c ), the mixture 
allowed to stand overnight and gradually added to well-cooled liquor 
ammonia (75 c c ) containing a little sodium hydroxide (5 g ) The amide, 
isolated in the usual way, was obtained in a yield of 12 g , m p. 124-25“ 
[Found N, 6 34, Ci,H„ON requires N, 6 22% ] 

jS, ^-Diphenyl ethylamine^ hydrochloride — ^The above amide (12 g ) was 
shaken with a cold solution of sodium hypochlorite (from 4 g of potassium 
permanganate and 125 cc o? 10% sodium hydroxide) The temperature was 
gradually raised to 65° and maintained at 65-70“ for 1 hour, cooled, treated 
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with solid potassium hydroxide (45 g ), heated at 70-80° for half-an-hour, 
cooled and thoroughly extracted with ether The ethereal extract was washed 
and extracted with dilute hydrochloric acid The aqueous acid solution was 
evaporated to dryness on the water-bath and the residual hydrochlonde 
recrystallised from alcohol-ether in colourless needles, mp 256°, yield, 5g 
[Found Cl, 14-94, CuHnNCl requires Cl, 15 20%] 

The ptcrate separated from alcohol as greenish-yellow crystals, m p. 210° 
(dec) [Found N, 13 10, CjoHigO^N* requires N, 13 14% ] 

P'Diphenyl-P-hydroxy-ethylamwe (V) hydrochlonde, prepared accord- 
ing to Thomas and Bettzieche* from phenyl magnesium bromide and glycine 
ester hydrochlonde, crystallised from alcohol-ether in colourless needles, 
mp 191° (dec) [Found Cl, 13 85, CuHj,ONCl requires Cl, 14 23% ] 

The pitrate separated from alcohol in yellow needles, m p 179° (dec) 
[Found N, 12 95, CaoHigOgN* requires N, 12 67% ] 

jS, p-Diphenyl-p-hydroxy-a-benzyl ethylamine (VI) hydrochlonde,^ obtained 
by reaction of plienyl magnesium bromide (from 35 g of bromobenzenc) 
and /3-phenylalanine ester hydrochlonde^* (6g) in fairly good yield (4 5 g), 
recrystallised from alcohol-ether as a white crystalline powder, m p 225-26° 
(dec) 

Dihenzylammomethane (K//) hydrochlonde — The attempt to reduce 
dibenzyl ketoxime*® with sodium amalgam to the desired amine was unsuc- 
cessful due, probably, to strong steric hindrance The amine was, however, 
prepared by the modified Lcuckart method 

Dibenzyl ketone (30 g ) and tormamide (20-25 c c ) were heated together 
at 175-85° for 8 hours and, thereafter, worked up in the usual way 

The hydrochloride recrystallised from dilute hydrochloric acid or alcohol- 
ether in colourless needles, mp 200-01°, yield 25 g [Found C, 72 14, 
H, 6 85, Cl, 14-20, CisHigNCl requires C, 72 73, H, 7 27, Cl, 14 34% ] 

The N-formyl-denvative separated from alcohol in colourless needles, 
mp 88-89°. [Found N, 5 57, C„H„ON requires N, 5 86% 1 

The picrate separated from alcohol in yellow plates, m p 191-92° (dec ) 
[Found N, 12-59, CjxHgoOvNt requires N, 12 70%] 

\-Diphenylmethyl-\ 2 3 4’tetrahydro-6 1-methylenedioxv tsoqmnolme iVlII) 
hydrochlonde 

Dtphenylacetyl homopiperonylanude — Homopiperonyl amine** (3 3 g ) 
and a solution of the crude diphenyl acetyl chlonde (from 4 5 g. of the acid 
and excess of thionyl chloride) in petroleum-ether were condensed together 
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in the presence of dilute alkali The separated amide was filtered and 
recrystaliised from alcohol m long, colourless needles, mp 139-40°, yield, 
2 6g [Found N, 3 84, CggHsiOaN requires N, 3 90% ] 

\-DiphenylmethyI-3 A-dihydro-ft 1-methylenedioxy jsoqumoline — A mix- 
ture of the above amide (2 5 g ), phosphorus oxychloride (7 5 c c ) and dry 
toluene (20 c c ) was gently refluxed on the sand-bath for 1^ hours with the 
exclusion of the moisture, cooled and poured on to crushed ice with stirring 
The solution, after freeing from non-basic impurities by extraction with ether< 
was cooled in ice, basified with excess of sodium hydroxide and the separated 
Solid filtered The dihydro isoquinoline recrystaliised from alcohol in colour- 
less needles, m p 125-26°, after sintering at 120°, yield, 2 2 g [Found N, 
4 01 , CjjHiAN requires N, 4 11% ] 

\-Diphenvlmethyl~\ 2 3 At-tetrahydro-6 l~methylenedto\y isoqumohne 
hydrochloride — The crude dihydro base (2g), zinc dust (10 g) and dilute 
sulphuric acid (60 c c of 1 4) were heated together on the boiling water- 
bath for 4 hours, filtered, cooled, basified with a large excess of ammonia 
and extracted with ether The isoqumohne was purified twice through a 
dilute hydrochloric acid solution and the hydrochloride, obtained by evapora- 
tion of a dilute acid solution, crystallised from alcohol-ether in faintly yellow- 
ish, prismatic needles, mp 239° (dec), yield 1 6g [Found Cl, 10 10, 
CwHmOsNCI requiics Cl, 9 34% ] 

The N-acetyl derivative separated from alcohol in colourless needles, 
mp 172° [Found C, 77 26, H, 5 43, C25H830aN requires C, 77 91, 
H, 5 97% ] 

The picrate crystallised from dilute acetic acid in yellow needles, m p 
212-13“ (dec) [Found. N, 10 32, Cj#H* 40 gN requires N, 10 15%) 

]-{o-Aniwo)-phenvl-\ 2 3 A-tetrahydro-f> l-aimetho\y isoqumohne (TX) 
hydrochloride 

o-Witrohenzoyl homoveratrylamide — ^Homovcratryl amine (2 4g) by 
condensation with o-nitrobenzoyl chloride in the usual way gave the crude 
amide (4 6 g , m p 138-40°) The amide crystallised from alcohol in colour- 
less, silky needles, mp 142“ [Found N, 8 44, CxaHnOsN, requires N, 
8 51% ] 

\4.0'Nitro)-phenyl-'i A-dihydro-6'l'dimethoxy isoqumohne —The crude 
amide (4 Sg), phosphorous oxychloride (15c c) and toluene (40c c) were 
gently refluxed together for I hour and worked up as usual The isoqumohne 
separated from alcohol in faint-yellow needles, mp 117°, after shgbt 
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shrinking at 112", yield 4 2 g [Found N, 8 87, C17H15O4N, requires N, 
9 00% ] 

\-{o-Aniinoyphenvl-\ 2 3 A-tetrahydro-ft l~dimethoxy imquinolwe — 
The nitro dihydro base (1 g ), zinc dust (10 g ) and dilute sulphuric acid (60 c c 
of 1 4-) were heated together on the boiling water-bath for 6 hours and 
worked up The base separated from alcohol as hard, colourless crystals, 
m p 162" [Found C, 72 21 , H, 6 36, C„Hj»OaN.. requiics C, ’ll 07, H, 
6 71% ] 

The tnonohydroi Monde separated from alcohol-ether in clusters of colour- 
less needles, mp 189" (dec), after sintering at 183" [Found Cl, 11 50, 
CuHsoGaNoCl requires Cl, II 06, %] 

The dtacetyl derivative crystallised from alcohol as colourless needles, 
mp 196" [Found N, 7 42 , C2iH2-t04N2 requires N, 7 63% 1 


Summary 


With the object of studying the relationship between chemical consti- 
tution and physiological activity of sympathomimetically active amines, one 
member of the group Arj C (OH) CH^NHs , belonging to the phenan- 
threne series has been synthesised 

A number of simple bases derived from benzene and the isoquinolinc 
ring-systems, possessing the requisite structure for sympathomimecity, have 
also been prepared for purposes of a comparative pharmacological study 

The author’s grateful thanks are due to Dr P C Guha for his interest 
m the work and to the Government of Madras for the award of a research 
scholarship 
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EINSTEIN SPACES ADMITTING THE LORENTZ 

GROUP* 

By Mohammad Shabbar 

{Prom the Department of Mathematics, MasHm University, Aiigarh) 

Received January 31, 1941 
(Communicated by Dr M R Siddiqui) 

1 It was shown by Kosambi that the classical theories of relativity could 
be generalized by direct application of the Lorentz group to the trajectories 
This gave rise to four-dimensional path-spaces, K4 

(0-f 2 x‘ ^ y(X, 0 - 0.1 (I) 

(1 = 0, 1 , 2, 3 , y arbitrary), 

where Kosambi’s notations are used f 

^■00 ^11 ~ ~ ^ 2 * "7 i? 3 S = I » Slf — ^ i ^ Jf 

f^x’, p, --~g,rlP', X^gffP'p', Y = g,,xV, 

• Z® 

Z-=g,fX‘p', 

It has also been shown by the same author in the form of a theorem that 
The most general path equations derivable from three-dimensional observa- 
tions and admitting the Lorentz group are 

V - /»* Y G (X, Y~) -f i'Zy (x, y*) -0> (2) 

The purpose of this note is to discuss the conditions under which the 
most general Riemannian space, admitting the Lorentz group, can be an 
Einstein space when (i) the invariant R of the corresponding Ricci tensor 
survives, (11) the invariant R vanishes 

In what follows we shall consider an n-dimensional Riemannian space 
because it has been pointed out by Kosambi’ that if we extend our treat- 
ment to more than four-dimensions, with the corresponding extended Lorentz 
group, the results are valid also for n-dimensional space 


* It 11 a great pleasure to me to thank Prof D D Kosambi for his kmd suggesUon and criti- 
cism dunng the coune of this investiption I have made ftee use of his unpublished manuscript 
entitled ‘Path-equations admitting the Lorents group II' 

t Besides these notations I use the universal notations as pven m Eisenhart’s “Riemannum 
geometry”. 
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II The most general Riemannian metric, admitting the Lorenlz group 
has the form 

a, p are functions of X, 

subject to the following conditions of non-degeneracy 


If we put 


I 4- ^P’Pt = - o» 

I X ^ X» ■ X‘“ 

_ 1 _ A 2a*^ — aP' _ B _ 1 _ c 
a+P ' a{a-{-P) “ ’o ' “ 


where dash indicates differentiation with respect to hg X, the geodesics oi 
(3) are given by 


0» (6) 

It IS obvious that equations (6) are the particular cases of equations 
(1) and (2) 

Taking 

to be the fundamental metric tensor, we get the following invariants (the bar, 
put above, indicates that these invariants are derived frcm g,, as the funda- 
mental tensor) 

^*lU~ {^lSih~ ^'lP/P») 

+ 5 ^^ (P'P^Sf* - P'pM 0> 

“ yx"* (gtigiA-gt»g,i) + -;^ (P,P/g,i-p,Pig,i) 

, (y- a) U , 

'^'"oyX* ” ^P>Plgtk~ PtPign 

g 

+ ^gtkP/Pi — gaP/Pk)* 0> b) 

»„ = §'{(«- 1) !- + {(«- 1) M 


( 8 , 6 ) 



135 


Einstein Spaces Admitting the Lorentz Group 
R-(n~l)(«Uy+2Q)^^-„ (9) 

% {;r- f + 0>lg;i~ Pig,/) 

+ i^/PfPi~ ^tPiPl)^^ (1®) 
c>=^0, (11) 

where, 

a.+ ^~y 1 

U ■= a'® - ay •' 

Q = 2 o'a y- a a'y' — 2 a'® y | ay* 

S — - 2 a" a y + a a'y' + o a'® — a*y + a'*y 
The vanishing of the conformal curvature tensor (11) gives us 

Theorlm I The Riemanman spaces, admitting the Lorentz group, can 
be mapped conformally on an S„ for n.==*4 

This theorem indicates that a transformation of co>ordinates exists such 

that 

^+^/^Y0(X) (13) 

Let such a transformation be given by 

x'=,l(X)x‘ (14) 

Then, Y Y + 4 Z» (^ f + f » X) (15) 

In order that (13) be satisfied it is necessary and sufficient that 

4(^f-l f®X)_ j8^ 

The equation (16), being of standard form, can be integrated 
III An n-dimensional Einstein space is one for which 

( 17 ) 

Substituting the values of R,; and R, (17) becomes 

^v(2-«)4^-4-i-AP/(«-2)^j^-0 (18) 

The necessary and sufficient condition that the metric (3) should satisfy 

equations (17) is that 



Q«0 


(19) 
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Whence, (20) 

The vanishing of the projective curvature tensor indicates also the isotropy 
of the space * 

This gives us 

Theorem II Etnstem spaces^ admitting the Lorentz group, are pro- 
jectively flat and hence isotropic 

In classical Riemannian geometry it has been shown by Schouten and 
Struik* that ‘ an Einstein space, if conformal to a flat space, is isotropic ’ 
But in the present case, under discussion, an Einstein space, admitting the 
Lorentz group, is isotropic as well as conformal to a flat space Therefore 
Theorem II is a consequence of Theorem I, hence the result of Schouten 
Struik 


Be:;ause the isotropic spaces of positive curvature are of class one*, we 
shall And the condition such that Einstein spaces, admitting the Lorentz 
group, can be of positive curvature 

For Q — 0, the curvature tensor (7, b) takes the following form 




Putting (19) in the following form 


U' 



It follows on Its integration that 


( 21 ) 

( 22 ) 


constant =fc* (say). 


(23) 


In order that the Einstein space, admitting the Lorentz group, be of 
constant positive curvature. 


-U >0 

o*y 

or, ay— o'* > 0 


I 


(24) 


Because of the physical interest, as will be shown m Sec IV, we have a 
result for the most interesting case n 4 

It 15 possible to represent a natural gravitational field in fiat spaces of 
five dimensions, if and only if o y> o'*. 


If we take 

i;l^(«Uy+2Q) »0, 


(25) 
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equations (17) become 

(26) 

Now, the necessary and sufficient condition that the metric (3) should satisfy 
equations (17) is that 

(0Q==O, 

(lO («- 1) Uy+Q=0 
The equations (25, 27) are compatible and the common solution is given by 

Usa'*-ay = 0, (28) 

which equivalent of a condition due to Kosambi ‘ 

Equation (28) mkes a 0, for in (7, a) Q and S can be put in the 
form of U and its derivative with respect to log X Therefore We have 

Theorem 111 Einstein spaces, admitting the Lorentz group, are flat, 
if and only ifR — 0 

Further integration of (28) is not possible unless we assign definite values 

to y 

IV The results, obtained in the previous sections, hpld good also for ■ 
« — 4 Therefore, in the following pages we shall consider their physical 
aspects. 



A fundamental need m Milne’s theory of thg expanding unnerse is that 
V =- c X* be a solution of equations (6), which leads to the cordition that 


A4 B-2C4- 1® 
te, y= constant ^0 


! 


(29) 


Now, the equations (23, 28) can be integrated, their solutions being res* 
pectively 


f . (30) 


where m, fc* are constants of integration and y »= 4 h* 

a = (fl+^>logX)*, (31) 

where a is constant of integration and y'=4h*. 

So far our investigation was limited to pure geometrical considerations 
without any application of the £instein*field equations 

- -8»rT^, (32) 

when matter is present m the space Equations (32) reduce to 0 when 
the space is empty and this case, which corresponds to Schwarzscheld’s 
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classical treatment, has been discussed in Sec III. It is to be noted that 
the Schwarzscheld values of g,, for empty space do not make the space 
flat, except at a very great distance from the centre of mass, but in the 
present case the vanishing of R,/ along with R =0 gives a flat space (Theorem 
III) 


Substituting the values of R,;, R into (32) we get the fleld-equations as 
follows 


( ~ 4 a" ay 4 a' V + 2aa'/ + ay*) 

+ (2 a*oy — oa'y' ~ 2a' V H ay*) = — in f„ 

But T,/-= 

= eJf.V, M-Pg,,* 


where, M — 




X 


+ (y- 


. Z* 
a) 5^ 


(33) 

(34) 


(35) 


• 4a'ay+ 2aay+ o'*y 1 oy*) 

* ~ “ 4wa^Y “ “®V~ 2a'* y+ ay*), 

• X® 

for p,p, --= x,x, Y (36) 

If 


Therefore, if density is zero, pressure is +ve, zero, —ve, according as 

oyta'* (37) 

< 


* 

1 D D Kosambi 

2 

3 

4 

5 L P Eiscnhart 
6. T Lcvi-cmta 


REFERENCES 

Comptes Rendus^ T 206, 1938, 1086-8 
‘*Path*cquations admitting the Lorentz group,** Land Math^ 
Soc . 1940 

** Path-equations admitting the Lorentz group 11’* (Manus^ 
cript) 

** Concept of isotropy in generalized path-spaces,” Jour. M 
Math Soc , 1940 
Rhnmnniangeometry,p.9l,tK 4 
Absolute diff calculus^ pp. 257, 358. 



STUDIES IN THE FRIEDEL-CRAFTS REACTION 

Part V. The Effect of Polar Subatituents on the Reactivity of Para- 
substituted Phenyl Succinic Anhydrides with Simple 
Aromatic Hydrocarbons 

By M A Wali, A K Khalil, R L Bhatia and S S Ahmad 

(From the Department of Chemistry, Muslim Umversity, Aligarh) 

Received January 18, 1941 
(Communicated by Dr M B Mirza) 

In the preceding communication,’ evidence has been given to show that 
(n) the strong electron-donating character of the substituents, in the as- 
disubstituted succinic acids, is responsible for the total absence of isomerism, 
in condensations with simple aromatic hydrocarbons, {b) the tautomeric 
character of the phenyl group is the key-note for the appearance of iso- 
merism in the condensation of phenyl succinic anhydride with simple aro- 
matic hydrocarbons , (c) the presence of the solvent (Nitrobenzene), some- 
how, favours the formation of the a-j3-substituted isomeride in preference 
to the )3-^-substituted form, in the above phenyl succinic anhydride condensa- 
tions , (d) (he presence of the solvent (Nitrobenzene), somehow, inhibits the 
normal course of the reaction 

In the light of the above observations, it is obvious that if the electron- 
attracting or the electron-repelling character of the phenyl group is strengthen- 
ed by the introduction of positive or negative poles, as para-substituents in 
phenyl succinic acid, our surmise, that an increase in the proportion of 
)3-^-substituted isomeride to that of the a-j9-substituted form, corresponding 
to the electron-attracting capacity of the positive pole, would take place in 
the first case, and a decrease in the proportion of the same isomeride, corres- 
ponding to the electron-donating capacity of the negative poles, would take 
place in the other case, may not be untrue 

The present investigation was undertaken, with a view, to gather as 
much experimental evidence as possible to lend support to our view-point 
At the outset, we repeated the condensation of phenyl succinic anhydride 
with benzene m presence of nitrobenzene, as we considered it rather ano- 
malous, that whereas, the anhydride condenses with toluene in presence of 
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nitrobenzene, and yields both the isomendes (loc at ), it does not condense 
with benzene under identical conditions * We were able to isolate, both 
the isomendes in the pure state in the proportion of about 11 89, largely 
in favour of a-phenyl-j8-benzoyl propionic aad (II, where R = C,H, 
and R' = H). 

R.CO CH»CHj COOH R-CO CH»»CH COOH 

I I 

C,n« R' C,H**R'. 

I II 

(Where R “CgHj or C,H, and R' = H, NO„ CH, O or Cl) 

The isomer m p 154° C , gave the Piperonal and Pyrylium salt reactions, 
which further characterised its structure as a-phenyl-j8-benzoyl propionic aad 
Then we repeated the condensations of phenyl succinic anhydnde with 
benzene, in absence of nitrobenzene {loc at ), and with toluene, with and 
without the solvent (loc at ) to get a more exact estimate of the mutual 
quantitative relationships of the two isomendes 

The work was extended to the condensation of(l) p-mtrophenyl and p~ 
methoxyphenyl succinic anhydrides with benzene and toluene with and with- 
out the solvent (Nitrobenzene) and (2) p-chloro-phenyl succinic anhydnde 
with benzene, under similar conditions The experimental results obtained 
have been given under Tables I and II 

Table I 

In the Absence of the Solvent (Nitrobenzene) 


R'CHa'CH CH,COOH 
C,H4.R' 

III 


Substituent 
group in 
sucanic acid 

Condensed 

aromatic 

hydrocarbon 

a- 

/ 3 <-isomeride 

jS-jJ-isomende 

MP 

•c 

•/. 

MP 

"C 

% 

C,H. 

C,H. 

154 

48 

168 

52 

/xNO, C,H 4 

•V 

167 

45 

185 

55 

p-CHt 0 C,H 4 


158 

Preponderates 



P-CIC«H 4 


146 

46 

166 

54 

C.H. 

C,H, 

150 

23 

154 

77 

P-N 0 |C«H 4 

«• 

173 

20 

178 

80 

p-CHt OC4H4 

•a 

147 

82 

158 

18 
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Substituent 
group in 
succinic acid 

Condensed 

aromatic 

hydrocarbon 

a- 

/3-isomeride 

isomendc 

MP 

X 

% 

MP 

% 

C,H, 

C.H. 

1S4 

89 

168 

11 

/^-NO, CeH 4 

St 

167 

5 

185 

95 

p-CH> 0 CgHg 

»• 

146 

Preponderates 



fhC\ C.H 4 

• 1 



166 

Preponderates 

C 4 H 4 

C.H 4 

150 

83 

154 

17 

/nNO, C,H 4 

If 

J73 

33 

178 

67 

/i-CHg 0 C 4 H 4 

If 

147 

Preponderates 




The a-jS form of the keto-acids always gave the characteristic pyrylium 
salt reaction, with salicyl aldehyde in presence of hydrogen chloride, show- 
ing the presence of — CH 2 C« O grouping ® It also gave with piperonal, 
a pale yellow gum, invariably accompanied with piperonylic acid The 
jS-jS form, on the other hand, responded to neither tests indicating the 
absence of the unsubstituted methylene grouping 

,We were able to effect the rational synthesis of a-p-methoxyphcnyl-/5- 
benzoylpropiomc acid (VI) from p-raethoxy-chalkone (IV) and potassium 
cyanide according to the method of Lapworth and Hann * 

CH, O C«H4«Clt KCN CII.-OC.Hj CH CN 

ll I 

CH CO«C«Hs HCN Clti COC.H, 

IV V 

IlaO CHj.O.CjHa-CH'COOH 

► I 

CH»*CO*C,H*. 

VI 

We were also able to reduce /S-phcnyl-jS-p-toluoyl propionic acid, m p 
154* C (I, where R = C 7 H, and R' = H) and /J-p-chlorophenyl-fJ-benzoyl 
propionic acid, m p. 166® C (1, where R=* C,H, and R'=> Cl) with its iso- 
meride by Clemmensen’s method and isolate ^-phenyl-Y-/>-tolyl butyric acid 
(III, where R^CrHt and R' = H), Y-phenyl-/5-/>-chlorophenyl butyric aad 
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(III, where R— CjH, and R' Cl), and Y-phenyl-o-;>-chlorophenyl bntync 
acid (VII and VIII) 

CjHj CO CHj*CH COOH H, ClI, CII. CH COOH 

C„Ui Cl(/>) CfcH4-Cl(/>) 

VII VIII 

Further researches in this direction are being carried on in these labo- 
ratories, and when the results of our investigations accumulate, we shall 
have a clearer insight as to whether our view-point, presented elsewhere, 
stands the rigour of the experimental tests or not We are also busy in 
effecting the synthesis of the corresponding Naphthalene derivatives from 
the keto-acids, mentioned hitherto, in our work 

Experimental 

(A) Condensations with phenyl succinic anhydride — 

Condensation of phenyl succinic anhydride with benzene in nitrobenzene 
solution, and isolation of ^-phenyl- ^-benzoyl propionu and a-phcinl-^-benzoyl 
propionic acids — A solution of anhydrous alumiiaum chloride (10 gms) in 
nitrobenzene (50 c c ) was gradually added to a mixture of the anhydride 
(5 gms) and dry benzene (15 ct) with constant shaking and cooling, and 
kept at the room temperature for 24 hours It was decomposed with (dil ) 
HCl, and then steam-distillcd as usual On cooling, a gum was obtained, 
which on purification through 10% sodium carbonate solution, and then 
drying, gave, on trituration with petrohum ether, a yellowish solid, m p 
1 10-20'’ C (1 6 gms) On repeated crystallisation from benzene, it finally 
deposited white lustrous plates mp ]54°C (0 32 gms) identified as a- 
phenyl-^-benzoyl propionic acid The benzene mother liquor, finally, de- 
posited a small amount of the isomer, /J-phenyl-jS-benzoyl propionic acid, 
m p 168® C (0 01 gm ) The final mother hquors were dried, and on 
treatment with ethyl alcohol, yielded insoluble inorganic impurities (0 5 gm ), 
and a further amount (0 04 gm ) of the isomer, m p 168® C , on con- 
centration The residual sticky substance with benzene-hexane, gave the 
neutral substance, m p 285® C (0 05 gm ) and then a yellowish gum, which 
on repeated treatment with hot water, gave a white solid, eventually melting 
at 1 64-67® C (0 4gm), identified as impure phenyl succinic acid While 
the keto-acid, m p 154® C gave with piperonal, a pale yellow gum, along with 
piperonylic acid, m p 226-27® C , the isomeric keto-acid, m p 168® C failed 
to respond the test and was always recovered unchanged The former keto- 
acid gave also a pyrylium derivative, a crimson red powder, readily soluble 
in (dil ) caustic soda solution, and not melting below 300® C 
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Phenyl succinic anhydride (6 gms ) and dry benzene (18 c c ) were con- 
densed in presence of anhydrous aluminium chloride (10 gms ), and 0 6 gm 
of the keto-acid, mp 154®C, 0 65 gm of the isomer, mp 168“ C, and 
0 6 gm. of the neutral substance, m p 285° C were obtained 

Then phenyl succinic anhydride (5 gms ) was condensed, as usual, with 
dry toluene (15 c c ) m presence of anhydrous AICI3 (8 gms ), and 2 7 gms 
of the isomer, m.p 154® C and 0 8 gm of the other isomer, mp 150°C 
were isolated Under identical conditions the above experiment was repeated 
in presence of the solvent, nitrobenzene (50 c c ), and the isolation of 0 2 gm 
of the j3-j3-isomcnde, m p 154® C and 1 0 gm of the o-/3-form was effected 

(fl) Condensations with p-nitrophenyl succinic anhydride — 

p-Nitrophenyl succinic acid was prepared by direct nitration of phenyl 
succinic acid with (fuming) nitric acid at 0® C , according to the method 
of Fischter and Walter ® The crude solid, m p 200-10“ C , when repeatedly 
crystallised from (dil) alcohol, yielded white shining needles, m p 218® C 
The anhydride was obtained by heating the above acid (12 gms ), with acetic 
anhydride (20 c c ) for 4 hours and distilbng excess of the acetic an- 
hydride, under reduced pressure The crude anhydride on crystallisation 
from ether, gave yellowish needles, mp 73® C (10 gms) 

Condensation of p-nitrophenyl succinic anhydride with benzene and sepa- 
ration of P-p-nitrophenyl-P-benzoyl propionic and a~p-nitrophenyl-^-benzo) I 
propionic acids — ^The proportions used were redistilled dry benzene (36 c c ), 
the anhydride (12 gms) and powdered anhydrous AICI3 (16 gms) The 
crude solid, mp 150-60“ C (8 gms), obtained after steam-distillation, was 
purified through 10“o sodium carbonate, and gave a solid, m p 160-65° C 
(7 4 gms ) It was repeatedly extracted with hot benzene and finally left 
a residue, mp 170-76® C, ultimately raised to 185“ C (0 6 gm ) on re- 
crystallisation from methyl alcohol, and then hot benzene (long white 
needles) It was identified as )9-/3-substituted isomende 

(Found. C, 64 7, H, 4 5, N, 4 8 CnHijOj N requires C, 64 2, H, 
4 3, N,4 6%) 

Concentration of the benzene extract, ultimately gave (a) a white crystal- 
line solid, mp 218“C (0 6gm) identified as the unchanged p-mtrophenyl 
succinic acid and (d) a white solid (small shining cubes), m p 167“ C (0 5 gm ) 
identified as a-)3-substituted form, which gave the characteristic pyrylium and 
piperonylidene salt reactions 

(Found C. 64-4, H, 4 8; N, 5 0 C„H„0,N requires C, 64 2, H, 
4 3;N,4 6%) 
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On further concentration, the benzene mother hquor gave a solid, 
m p 120-30° C (0 3 gms ), which foiled all attempts to resolve it into its 
components Finally a brown sticky neutral substance (S gms) was left 
behind, which could not be solidified 

Condensation of Tp-nitrophenyl succinic anhydride with benzene m nitro- 
benzene solution — The anhydride (10 gms) and dry benzene (30 cc) were 
condensed as usual, in presence of a solution of anhydrous AICI3 (12 gms) 
in nitrobenzene (50 c c ) The solid obtained, on purification through sodium 
carbonate solution, melted at 1 70-85° C (5 4 gms), and from benzene- 
petrol, gave a white crystalline substance, m p 182-85° C When re-crystal- 
lised from methyl alcohol, it gave small colourless needles, mp 185° C 
(1 0 gm ) of jS-^-substituted isomende The benzene extract, first deposited 
a crystalline substance, mp 218° C (1 Ogm), identified as the unchanged 
acid, and then a brownish solid, m p 175-80° C , which from methyl alcohol, 
yielded a further amount of the isomer, mp 185° C (1 Ogm) Further 
concentration of the benzene mother liquor, gave a solid, m p 150-60° C , 
which on rccrystallisation from hot hexane, yielded white lustrous cubes, 
mp 167° C (0 1 gm ), depressed to 150-52° C by admixture with the 
isomende, mp 185° C Finally, the benzene mother liquor gave a neutral 
brown sticky mass (2 6 gms ), which could not be obtained in the solid 
form 

Condensation of p-nitrophenyJ succinic anhydride with toluene and sepa- 
ration of ^-p-nitrophenvl-p-p-toluoyl propionic and a-p-nitrophenyl-P-p-toluo} I 
propionic flc/rfs— The proportions used were, dry toluene (18 cc), the an- 
hydride (6 gms ) and anhydrous AICI3 (8 gms ) The crude sohd, on purifi- 
cation through 10% Na COj yielded a brownish solid, mp 120-30° C 
(4 8 gms ) Treatment with hot benzene-pctrol left a residue, m p 160-70° C , 
which on recrystallisation from methyl alcohol, gave small shining needles, 
m p 178° C (1 0 gm ) depressed at 160° C by admixture with pure p-mtro- 
phenyl succinic acid 

(Found C, 65 6, H, 4 9, N, 4 5 C„HisO,N requires C, 65 2, H, 
4 7, N, 4 4%) 

The benzene extract, on concentration, deposited first, the unchanged 
acid, m p 218° C (0 54 gm), then several fractions ranging from 155-70° 
(a), and finally a pale yellow gum (neutral), which could not be solidified 
(2 0 gms) The fractions {a) on repeated crystallisation from benzene, 
yielded small colourless cubes, m p 173° C (0 3 gms ) depressed to 155-60° C. 
with the isomer 178° C and which formed both the pyrylium salt and the 
piperonal derivatives 
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(Found C, 65 4, H, 4 8, N, 4 7 C„H„ 05 N requires C, 65 2, H, 

4 7, N, 4 4%) 

The benzene mother liquor, finally, gave on concentration, a mixture, 
m p 120-30“ C (0 6 gm ), from which, through piperonal condensation, 
0 2 gm of the keto-acid m p 178“ C was recovered 

Condensation of p-mtrophenyl succinic anhydride with toluene in nitro- 
benzene solution --The anhydride (10 gms) and dry toluene (30 cc) were 
condensed as usual, in presence of a solution of anhydrous aluminium chlor- 
ide (12 gms ) in nitrobenzene (50 cc) The crude product, on purification 
through sodium carbonate solution, yielded a brownish solid, m p 150-60“ C 
(6 gms ) On trituration with warm benzene-petrol, a white solid, m p 
162- 69“ C was left, which on several crystallisations from hot benzene, 
deposited a fraction, m p 170-75" C From methyl alcohol it yielded small 
shining needles, mp 178° C (1 Ogm), identified as /S-j8-substituted iso- 
mende The ben 2 ;ene mother liquor, on slow concentration, gave first, the 
unchanged acid, m p 218“ C (0 1 gm ), and then small lustrous cubes, m p 
173“ C (0 5 gm ) identified as the a-^-form On further concentration, it 
gave (3 0 gms ) of a pale yellow gum (neutral), which could not be resolved 
into solid state 

(C) Condensations with p-methoxvphenyl succinic anhydride — />-Methoxy- 
phenyl succinic acid was prepared from p-methoxybenzylidcne cyanacetate 
and potassium cyanide according to the method of Lapworth and Macrae,” 
and melted at 204“ C The anhydride prepared as usual, crystallised in 
small needles, m p. 93° C 

Condensation of p-methoxyphenyl succinic anhydride with benzene — The 
anhydride (5 gms ) and dry benzene (20 c c ) were condensed as usual, in 
presence of anhydrous AlClj (10 gms ) A brown gummy mass (4 5 gms) 
was obtained, which after purification through 5% sodium bicarbonate was 
dissolved in hot benzene and on cooling yielded white needles, m p 158“ C 
(1 07 gms) 

(Found. C, 71 4, H, 5 8 C„H „04 requires C, 71 8, H, 5 6%) 

The benzene mother liquor, on further concentration yielded a gum 
(3 ’3 gms), which was dissolved in alcohol and refluxed for 6 hours with 
an alcoholic solution of sodium acetate and semicarbazide hydrochloride. 
On dilution with water, a solid mp 1 70-220“ C separated out, which on 
fractional crystallisation through benzene yielded (a) a semicarbazone, m p 
248“ C (1'2 gms.), identified as the derivative of a-/3-isomer, by admixture 
with the pure specimen ; (b) a neutral substance, m.p above 290“ C (0*3 gm.) , 
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and (c) a gum (1 5 gms.) which could not be resolved mto its components. 
The original acid mother liquor, on concentration, yielded /i-methoxyphenyl 
succinic acid (0 5 g m) 

Condensation of p-methoxyphenyl succinic anhydride with benzene in nitro- 
benzene solution — ^The anhydride (5 gms ) and dry benzene (20 c c ) were 
condensed as usual, in presence of anhydrous alumimura chloride (10 gms ) 
in nitrobenzene (40 c c ), and the excess of the solvent and benzene steam- 
distilled The contents on cooling gave (a) a clear supernatant liquid, which 
on concentration, yielded the unchanged p-methoxy-phenyl succinic acid 
(0 5 gm ) and (b) a gum which was taken up in ether, and extracted with 
5% NajCOg On acidification, a gum was obtained which was dried 
(4 gms ) and treated with semicarbazide hydrochloride as usual It yielded 
first (a) a neutral organic substance unmelted below 280° C (0 7 gm ), and 
(b) yellowish long needles, m p 248° C (1 6 gms ), identified as the semi* 
carbazone of the o-j3-isomeride, mp 158° C 

Piperonal as well as pyryhum salt reactions with the above keto*acid, 
gave in the first case, a pale yellow gum along with piperonyllic acid, and 
in the second case, a scarlet red powder, readily soluble in caustic soda 
solution, and not melting below 300° C 

Synthesis of a-p-methoxvphenyl-^-benzoyl piopionic acid — Potassium 
cyanide (1 S gms ) dissolved in water (5 c c ) was gradually added to a solu- 
tion of p*methoxy chalkone (2 gms) in alcohol (40 cc) Glacial acetic 
acid ( 1 c c ) was then added and the mixture kept at the room temperature 
overnight When the solvent was distilled off, colourless leaflets of the 
mtrile, mp 121° C separated out It was dissolved in S times its weight 
of concentrated sulphuric acid, and then water was added in drops till a 
faint but permanent turbidity was produced The mixture was refluxed on 
the sand-bath, for four hours when a gum separated out It was purified 
through 5% sodium carbonate, when a solid, mp 153° C was obtained 
which on recrystallisation, through alcohol, yielded colourless needles, m p 
158° C Its mp was not depressed by admixture with the pure a-/3-i80- 
mende. 

Condensation of p-methoxyphenyl sucanic anhydride with toluene — The 
proportions used were — the anhydride (5 gms.), toluene (20 c c.) and AlCls 
(10 gms.). The crude acid, on purification through sodium bicarbonate, 
yielded a brownish semi-solid mass (5 gms ), which when dried m vacuum, 
and crystallised from alcohol deposited a solid, m p. 120-30° C On frac- 
tional crystallisation through benzene, white peedles, m p. 147° C (1 6 gms ) 
were obtained With piperonal it gave a yellowish gum with piperonyllic 
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acid, and the original kcto-acid was never recovered In the pyrylium salt 
reaction, it gave a scarlet red solid, readily soluble in caustic soda, but un- 
melted below 300° C 

(Found • C, 72 8 ; H, 6 2 Cj.HwO* requires C, 72 5% , H, 6 0% ) 

The benzene mother liquors were dried and then mixed with the alcoholic 
mother liquor, which on further dilution, yielded first the acid, m p 147° C 
(0 6 gm.) and then a gum (a) The supernatant liquid, on concentration, 
yielded a solid, mp 153“ C, which when rccrystallised through benene, 
gave a colourless crystalline solid, m p 158° C (0 6 gm ) It depressed the 
melting point of the keto-acid (o-j3-form m.p 147° C ) to 130° C and failed 
to respond both the piperonal and pyrylium salt reactions 

(Found C, 72 3, H, 6 2 requires C, 72 5, H, 6 0% ) 

The gum (£>)(] 7 gms), which defied all our attempts to break up, 
was then treated with semicarbazide hydrochloride, and on dilution with 
water, yielded a solid (ft) which when recrystallised from hot alcohol gave 
colourless cubes, m p 168° C (0 4 gm ) (c) a neutral organic substance, 
unmelted below 280° C (0 2 gm ) and then (rf) a gum (1 0 gm ) which could 
not be crystallised out The original mother liquor (acidic), on concentra- 
tion, yielded the unchanged p-methoxy-phenyl succinic acid (0 5 gm ) 

Condensation of p-methoxyphenvl suctinic anhydride with toluene in nitro- 
benzene solution — 5 gms of the anhydride, 20 cc of dry toluene and 
10 gms of aluminium chloride anhydrous in 40 cc of nitrobenzene were 
used The crude acid was taken up in ether, and extracted with 5% sodium 
carbonate solution On acidification, a solid (4 0 gms), was obtained 
which on fractional crystallisation through alcohol, gave white needles 
m p 147° C. (2 1 gms ) and a gum (1 9 gms ), which on treatment with 
semicarbazide hydrochloride and subsequent dilution with water, gave a 
neutral substance, not melting below 280° C (0 5 gm) and then a gum 
(1*3 gms ), which could not be resolved into its components The original 
mother liquor (acidic), on concentration, yielded the unchanged p-methoxy- 
phenyl succinic acid (0 6 gm.) 

(D) Condensations with p-chlorophenyl succinic anhydride — 

p-Chlorophenyl succinic acid was prepared from p-chlorobenzylidene 
^anacetate and potassium cyanide accordmg to the method of Lapworth 
and Macrae ' 

p-Chlorobenzyhdene cyanacetate was obtained by first preparing p-chloro- 
toluene, converting it into p-chlorobenzaldebyde and then condensing the 
latt^, with cyanacetic ester in presence of pipendine. The nitnle, after 
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purification, was condensed with potassium cyanide and the product or 
subsequent hydrolysis, gave the crude acid, m p 195-97° C. On purification 
through 10% sodium carbonate, it gave a yellowish white solid, m p. 200-01° C. 
which on recrystalisation from ethylacetate, yielded colourless cubes of 
p-chlorophenyl succinic acid, m p 205° C , insoluble in benzene and cold 
water, and soluble in hot water and ethylacetate 

(Found C, 52 3, H, 3 6 ; Cl, 15 5 CiqH, O 4 CI requires C, 52 5, 
H, 3 9, Cl 15 5%) 

p-Chlorophenyl succinic anhydride prepared as usual, from phenyl succinic 
acid and acetic anhydride crystallised from hot petrolium ether mto long 
colourless needles, m p 80° C 

Condensation of p^chlorophenyl succinic anhydride with benzene and sepa- 
ration of p-p-chlorophenyl-P-benzoyl propionic and a-p-chlorophenyl-^-henzoyl 
propionic acids —The proportions used were, the anhydnde (6 gms), dry 
benzene (18 cc) and anhydrous aluminium chlonde ( 8 gms) The crude 
brownish mass, on purification through sodium carbonate, yielded a solid 
(4 gms ), m p 80-100° C , which on treatment with benzene, gave an in- 
soluble residue, m p 120-30° C (o) On crystallisation from hot benzene 
and then dilute methyl alcohol, the fraction, (a) yielded lustrous plates, 
mp 166* C (0 6 gm ), depressed to 150° C by admixture with the 
original acid 

(Found C, 66 1, H, 4 5, Cl, 12 1 Ci*HijOjCl requires C, 66 5, 
H, 4 5, Cl, 12 3%) 

The benzene mother liquor was mixed with that from the fraction (a), 
and on concentration, first deposited a fraction, mp 1 58-62° C ( 6 ), and 
then another fraction, m p 1 38-40° C (c) The fraction ( 6 ) yielded the keto- 
acid, m p. 166° C. (0 1 gm ), and a fraction (c) gave on similar treatment 
small shining needles, m p 146° C (0*6 gm ) depressed to 127° C, by mixing 
with the isomer, m p 166° C and to 130° C with the origmal acid. It also 
gave the characteristic pyrylium and piperonylidene salt reactions. 

(Found C, 66 1, H, 4 ‘5; Cl, 12 0. CmHuO,C 1 requires C, 66 5; 
H, 4 5, Cl, 12 3%) 

The final mother hquor, on concentration, gave a pale yellow gum 
( 2*5 gms), a neutral substance, which could not be obtained in the solid 
form 

Condensation of p-chlorophenyl succinic ardiyebide with benzene in nitro- 
benzene solution.— The proportions used wete, the anhydride (6 gms.), dry 
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benzene (18 cc) and anhydrous aluminium chlonde (10 gms) m nitro- 
benzene (SO c c ) The contents of the flask after steam distillation, deposited 
a black sticky mass (a), and shining needles, m p 205® C (1 5 gms ) identified 
as the unchanged acid. The crude product (a), on purification through 
10% sodium carbonate solution, yielded a sticky mass, m p 80-100° C , 
which when triturated with hexane, deposited a brownish solid, m p 120-60°C 
On several crystallisations from (dilute) ethyl alcohol, it yielded a veiy small 
amount of the keto-acid, m.p 166° C (0 I gm ) and the unchanged p-chloro- 
phenyl succinic acid (1 2 gms) The final alcoholic mother hquor gave 
a brownish sticky mass, from which nothing definite could be obtained 

Reduction of p-phenyl-^-p-toluoyl propiomc acid by Clemmensen method, 
and isolation of Y'p-tolyl-ji-phenyl butyric acid— A mixture of the keto-acid 
(1 gm ), zinc amalgam (10 gms ) and (con ) HCl was used in the reaction 
The crude sticky mass, on purification through 10% sodium carbonate, gave 
a white solid, m p 70-75° C Repeated crystaUisation from petrolium ether 
gave ultimately, small needles, m p 104° C. (0*8 gm) 

(Found* C, 79 8, H, 7 1 C„H,eO, requires C, 80 3, H, 7 1%) 

Reduction of P-p-chlorophenyl-p-benozyl propionic acid, was effected by 
Clemmensen method The crude solid on purification through sodium 
carbonate yielded a solid, m p 83-85° C , which when recrystallised from 
petrolium ether, gave short colourless needles, m p 86° C of Y-phenyl-^-p- 
chlorophenyl butyric acid 

(Found C, 69 4; H, 5 4, Cl. 12 6 C„Hi,0,Cl reqmres C, 69 8, 
H, 5 4. Cl, 12 9%.) 

Reduction of a-p-chlorophenyl-P-benzoyl propionic acid, was effected in 
similar way. The white solid, m p. 140-45° C. was obtained which on re- 
crystallisation from benzene gave lustrous needles of Y-phenyl-a-p-chloro 
phenyl butyric acid, m.p. 150°C depressed to 120° C by the onginal keto- 
acid. 

(Found- C, 69 3, H, 5 4; Cl, 12 6. Cx,Hi,0,Cl requires, C, 69 8; 
H, 5-4; Cl, 12 9%) 

Summary 

The influence of the p-mtrophenyl, /»-methoxyphenyl, and p-chlorophenyl 
groups (m p-substituted phenyl succinic acid) compared to that of the phenyl 
group (m phenyl succinic acid) has been studied in condensations with simple 
aromatic hydrocarbons and the results have been embodied in Tables 1 
and II 
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The reduction of -CH(OH)CCla group in trichloro-methyl carbinols present 
'as such or potentially formed during the course of reduction from tnchloro- 
methylphthalide ring (A) or the heterocyclic ring (B) has been an interesting 
subject for investigation by numerous workers Using zinc and boihng 
alcohol, Jocitsch^ found that the reaction took the course thus 


Ph-CH(OH)CCla Ph-CH - CCl. 

The best results were obtained by reducing the acetyl derivative, using the 
zinc in form of its shavings Jocitsch also studied the tertiary alcohols con- 
taining the group ^C(OH)CCl, According to his method of reduction, 
the group -CH(OH)CCl8 is converted into -CH = CCl,, and the group 
^C(OH)CCl, into ^C - CCl, 


CO 

\/\ 


\ 


A/ 

CH*CCIa 

(A) 



or 


O CH*CC1 



« 


(B) 


Using zinc dust and glacial acetic acid as reducing agents, Meldrum and 
Alimchandani* observed that in several compounds investigated by them, 
the group -<^H(OH)CCI, is reduced with the production ot -CH,.CHC1, 
group In extending their study of this reduction, Meldrum and his several 
collaborators’ applied it to a large number of compounds including those of 
the type (A) and (B) shown above. On the other hand, Wheeler and 
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Yelburgi* proved that the group -CH(OH)CX8 (X=^ Cl or Br) is reduced 
to -CH == CXj and not to - CHg CHX* in case of chloral- and bromal- 
amides 

R CO NH CH(0H)CX8 R CO NH CH = CX8 

Recently Dharwarkar and Ahmchandani* have shown that in the case of 
some chloral-hydroxy-bcnzoic acid derivatives, the group -CH(OH)CCl, 
gets reduced to the unsaturated group -CH ~ CClc, and not to the saturated 
group -CHg CHClj as erroneously postulated by Meldrum and collabo- 
rators It IS clear from the brief survey given above that in all the cases 
investigated hitherto, the group -CH{OH)CCla is present either in the 
open-chain derivatives or is attached to an aromatic nucleus 

During the course of our studies on the effect of a-substituents in the 
Pechmann condensation, a number of benzo-a-pyrones (coumarins) containing* 
-CH(OH)CCl, group in 3-position of the pyrone ring were synthesised by 
Kulkarm, Alimchandani and Shah * Because the reduction of -CH(OH)CCI, 
group attached to a benzo-u-pyrone nucleus is hardly known, 
a study of the reduction of various 3-CH(OH)CCl8- substituted coumarin 
derivatives synthesised by Kulkarni, Alimchandani and Shah was under- 
taken by the present authors, the reducing agents used being zinc dust and 
glacial acetic acid, (a) m conjunction with concentrated hydrochloric acid 
and (6) without the hydrochloric acid 

7-Hydroxy-3-(a-hydroxy-/5j5j5-trichloro-cthyl)-4-methylcoumarm (1) on 
reduction by zme dust and acetic acid gave 7-hydroxy-3-(f3-chloro-vinyl)-4- 
methyl-coumarin (II) On carrying out the same reduction m conjunction 
with cone hydrochloric acid, 7-hydroxy-3-()8j8-dicbloro-ethyl)-4-methyl- 
coumann (III) was obtained Evidently, the addition of hydrochloric acid 
to the j9-chloro-vtnyl group produced by the reduction takes place with the 
ultimate production of the -CHt'CHCli 

The acetyl derivative of (I), 7-acetoxy-3-(o-acetoxy-)8j8j8-trichloro-ethyl)- 
4-methylcoumarin (IV) on similar reduction by zuic and acetic acid gave 7- 
acetoxy-3-(/5j9-dichloro-ethyl)-4-methyl-couin8nn (V) identical with the 
acetoxy derivative of (III), which is obtained directly by the reduction of (IV) 
in presence of cone hydrochloric acid The results are shown diagrammati- 
cally below . (X»> H in all compounds m this senes) 
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C--CH(OAc)CCI, 


CH, 

(I) 
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C— CHiCHCl, 
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CH, 

( 111 ) 

7 8-Dihydroxy-3-(o-hydroxy-j8j3j3-tnchloro-ethyl)-4-methyl-coumann (I ; 
X = OH) behaves exactly similarly , it gave 7 8-dihydroxy-3-(/J-chloro-vinyl)- 
4-mcthylcoumarin (II , X ~ OH) and 7 8-dihydroxy-3-(/3/3-dichloroethyl)-4- 
methylcoumann (III , X — OH) when reduced without and with cone hydro- 
chloric acid respectively The acetoxy derivative (IV , X - OAc) on reduc- 
tion by zinc and acetic acid only gave V (X = OAc) identical with the acetyl 
derivative of the coumarin III (X = OH), obtained directly on reduction in 
presence of cone hydrochloric acid of the acetoxy derivative (IV) 


The reduction of 5-hydroxy-4 7-dimethyl-3-(a-hydroxy-)5j8^-trichloro- 
ethyl)-coumarin also takes a similar course on reduction by zinc and acetic 
acid (a) without cone hydrochloric acid and (b) in the presence of the acid. 
It gave (a) 5-hydroxy-4 7-dimethyl-3-05-chloro-vinyi)- and (b) -3-(/J/3- 
dichloroethyO-coumarin derivatives respectively 


5 7-Dihydroxy-3-(a-hydroxy-/3j5i5-trichloro-ethyl)-4-methylcoumann on 
reduction by zinc and acetic acid gave a product which could not be crystal- 
lised But Its acetoxy derivative was smoothly reduced by zinc and acetic 
acid to 5 7-diacetoxy-3-(/Sj8-dichloro-cthyl)-4-methyl coumarin, which was 
deacetylated to the corresponding 5 7-dihydroxy-derivative 


4-Methyl-3-(a-hydroxy-/3/Sj8-tnchloro-elhyl)-l .2-o-naphtha-pyrone and 4 '6 
dimethyl-3-<o-hydroxy-/3)Sj8-trichloroethyl)-coumarin gave only one type of 
the reduction product, viz , 3-(j8i3-dichloroethyl), whether hydrochloric acid 
was used or not during the reduction as in the previous cases 

From the above results and those of the previous investigators on the 
reduction of -CH(OH)CCl 3 group, it is evident that the reduction does not 
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proceed in a uniform manner in all cases It is highly affected by the consti- 
tutional factors A study of the reduction products of -CH(OH)CCl 3 
present in several coumarins described in this paper supports the above point 
The following generalisation of the results described in this communication 
reveals some interesting points 

(a) On reduction with zinc and acetic acid, the group -CH(OH)CCl 3 
in the pyrone ring is reduced to -CH — CHCl group in case of hydroxy- 
coumarins, i e , those obtained from resorcinol, pyrogallol, etc 

(b) The same group -CH(OH)CCla is reduced to -CHg CHCl, when 

(i) the reduction is carried out in conjunction with concentrated 
hydrochloric acid, % 

(ii) the phenolic group (-OH) is absent, as in case of coumarins 
obtained from a-naphthol and p-cresol; and 

(in) the phenolic -OH group is protected by acetylation 
Experimental 

{A) Reduction of l~hydroxy-3-ia-hydroxy-PPP-trichloro-ethyl)-A-methyl- 
coumarin 

1 Formation of l-hydroxy-3'i^-chlorO’Vmyl)-4~methyl-coumarin — ^This 
reduction was carried out by means of zinc dust and acetic acid according to 
the details of Kulkarni, Alimchandani and Shah * The reduction product 
obtained melted at 254-53” (decomp ) not d^ressed by mixture with the 
sample of those authors, 

2 Formation of 7-hydroxy-i-(fiP’dichloro'ethyl)-4-methylcoumann — (a) 
The coumarin (2 g ) was dissolved in hot glacial acetic acid (30 c c ) and the 
solution mixed with cone HCl (6-7 c c ) Zinc dust (2 g ) was gradually 
added with stirring. After reaction subsided, the solution was boiled for a 
few minutes, filtered from the unchanged zme and the filtrate diluted with 
water The reduction product was collected and crystalhsed frmn dil alcohol, 
yellowish needles, mp 206-07”. [Found: Cl, 26 29; Ci,Hi,0,Clt requires 
Cl, 26*02 per cent] 

(b) 7-Acetoxy-3-(o-acetoxy-^i9/9-tnchloro-ethyl)-4-methylcouinarm was 
similarly reduced as above. The reduction product was found to be identical 
with the above product 

3 Formation of l-acetoxy'i'ifi^ichhro-ethyfyA-methylcotma^m-^d) 
The above reduction product (0 * 5 g ) was dissolved in acetic anhydnde (7 c c.) 
in presence of cone, sulphuric acid (4 drops). The dear solution was shaken 
for about 10-15 minutes and poured into water. The solid was coUected and 
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crystallised from rect spirit, rhombic plates, mp 101-02" [Found Cl, 
22 9; Ct 4 Hi 204 Cl 2 requires Cl, 22 54 per cent] It does not exhibit any 
fluorescence 

(b) The above substance was also obtained directly by reducing 7-acetoxy- 
3'(a-acetoxy-j8j8j3-trichIoro-ethyl)-4-methyIcoumann (0 5g) by adding zinc 
dust (0 7 g ) to Its acetic acid solution in the usual way, m p. 101-02" 
(yield 0 3 g). The mixed melting point of this compound with the derivative 
obtained by (a) was unchanged 

4 De-acetvlatton of the above acetoxy derivative — ^The acetoxy deri- 
vative (1 g) was suspended m methyl alcohol ( 10 c c) and cone H 2 SO 4 
(8 c c ) added , the mixture was refluxed on water-bath for an hour and a half 
After cooling, it was diluted witn water and the substance obtained crystalhsed 
from acetic acid (animal charcoal), m p 206-07", the mixed m p with 7- 
hydroxy-3-(/9/3'dicMoro-ethyl)-4-methylcoumann obtamed above remaining 
undepressed 

(B) Reduction oj 7 i-dihydioxy-‘i~{a-I ydroxy-PPp-trichloroethyiyA-methylcou- 
marin 

1 Formation of 7 • Z-dihvdroxy-ZAfi-chhro-vmyl) A-methylcoumarin — 
The procedure followed by Kulkarni, Alimchandani and Shah* was employed 
and the reduction carried out as usual The reduction product crystallised 
from alcohol, needles, mp. 231-32° The mixed melting point was also 
undepressed 

2 Formation of 1 8-dihydroxy-'i'{pB~dichloro~ethyl)^methvlcoumarin — 
{a) The coumarin ( 8 g) dissohed in acetic acid (100 cc) and mixed with 
cone HCI (30 c c ) was slowly treated with zinc (7 g ) Vigorous reaction 
took place When the reaction subsided, the unchanged rinc was removed 
and the filtrate diluted with water The product ciystallised from acetic acid 
and then from benzene, hexagonal prisms, ro p 195-96", yield S. g [Found 
Cl, 24*73, Ci!tH]o 04 Cl 2 requires 24 52 per cent] 

(b) The same reduction product was obtained by carrying out the reouc- 
tion of 7 8-di-acetoxy*3-(a-acetoxy-j3j3^-trichloro-ethyl>4-methylcoumarin m 
presence of cone HCI as before. 

The acetyl derivative prepared by acetic anhydnde-pyridine method 
crystallised from alcohol, ns^les, m.p 163-164". [Found: Cl, 18*88, 
QtHuOfCls requires G, 19 0 per cent] 

The same acetyl derivative was obtained by the reduction of 7 : 8 -di- 
aceto\y-3-(a-acetoxy-/3/3j3-trichloro-ethyl)4-methylcoumann using zinc dust 
and acetic acid as usual. 
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The de>acetylation of the substance by cone sulphuric acid in methyl 
alcoholic solution gave the corresponding 7 8 -di<hvdToxy*coumann identical 
m all respects with the same substance desenbed already 

(C) Reduction of S-hydroxy~4 • 7-dimethyl-3-{a~hydroxv-PPB-trichloro-ethyl)- 
coumarm , 

1 Formation of S~hydroxy-4 * 7-dimethvl-i-(fi-chIoro-vinyl)-coumann — 
The coumann (1 g ) was suspended in hot acetic acid (IS c c ) and zinc dust 
(1 g) added gradually as in pre\ious cases As the reaction proceeded, the 
substance went into solution The reduction product was isolated as before 
and ciystallised from dii alcohol, diamond>shaped crystals, m p 251-52'’ 
[Found Cl, 14 24; CiaHnOsCl requires Cl, 14 16 per cent ] 

The acetvl derivative obtained by acetic anhydride-pyridine method 
( 2 ^ hours refluxing on water-bath) crystallised from alcohol in needles, 
m-p 148-49°. [Found Cl, 11 92 , CuHj^OfCl requires Cl, 12 12 per cent] 

2 Formation of S-hydroxy-4 l-dimetkyl-i-iPP-di-cMoro-ethyiycoianann 
— ^The above reduction was carried out in presence of cone HCl (4 c c ) and 
the reduction product isolated as before , first crystallised from alcohol and 
then from ethyl acetate, needles, m.p 242“ [Found Cl, 24 83 , CiaHijOgClg 
requires Cl, 24*69 per cent ] 

The acetyl derivative prepared as before crystalhsed from dilute alcohol, 
rectangular plates, mp 157® [Found. Cl, 21 30, Ci,Hu 04 Clj requires Cl, 
21 54 per cent ] 

(D) Formation of 5 l-di-acetoxy-'i-{fi^~dichloro-ethyl)-A-methylcoumarin 

5 7-Diacetoxy-3-(a-acetoxy-)8j8/3-trichloro-ethyl)-4-methylcoumarin (2 g ) 
was reduced by means of zinc dust (2 5 g ) and acetic acid (25 c c ) as in 
previous cases The product crystalhsed from dil. alcohol, rectangular rods, 
mp 121-22®. [Found Cl, 18 91 , CuHuOtClt requires Cl, 19 0 per cent] 

De-acetylation of the above 5 l-diacetoxy-coumarm derivative — ^The 
de-acetylation was eflfected by sulphuric acid (7 c c ) in methyl alcohol 
solution (1 g in 10 c c ) by refluxing for H hours on water-bath The solu- 
tion was diluted with water and the substance obtained crystallised from dil. 
alcohol, thin flakes, m p 246-47® [Found Cl, 24 67, C 11 H 10 O 4 CIS requires 
Cl, 24*52 per cent] 

(£) Formation of A-metkyWi-iP^-di-chloroethytyi 2-a-naphtha-pyrone 

4-Methyl-3-(a-hydroxy-/3]8]8-trichloro-ethyl)-l . 2-a-naphtha-pyrone (2*5g) 
was reduced by zinc (2 5 g ) in its acetic acid solution (30 c c ) and the 
product isolated as before. It first crystallised from dichlorobenzene and 
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then from xylene, m p 221-22® (yield, 1 5 g ) [Found Q, 22 71 , C„Hij|0,Cl| 
requires Cl, 23 *09 per cent ] 

The same product was obtained by carrying out the reduction in presence 
of cone. HCl (4 c c for 1 g of the coumarm) 

Formation of 4 : S-dimethyUi-iPfi'dichloro-ethyly-coumann — 4 6-Dimethyl 
-3-(o-hydroxy-j8j8j8-tnchloro-ethyl)-coumarin (1 g ) was reduced as before 
(zinc 1 g + acetic acid IScc) The product crystallised from alcohol in 
rectangular plates, m p 206-07° [Found Cl, 25 84 , CuHuOiCli requires 
Cl, 26 16 per cent] 

A better yield is obtained if the above reduction is earned out in conjunc- 
tion with cone HCl (4 c c for 1 g of the coumann) 

We thank Prof M S Shah and Prof R L Alimchandani for their 
interest and facilities for the work We are grateful to Dr R C Shah for his 
useful suggestions and interest in the investigation 

Summary 

The reduction of -CH(OH)CCls group attached to a benzo-a-pyrone 
nucleus has been studied for the first tune, the reducing agents used being 
zinc dust and glacial acetic acid either in conjunction with cone HCl or 
without It It IS found that the course of the reduction is highly affected by 
the constitutional factors The following generalisation is made in this 
connection 

(a) on reduction with zinc and acetic acid, the group -CH(OH)CCl8 
in the pyrone ring is reduced to -CH «CHC1 group in case of hydroxy- 
coumarins , (6) the same group -CH(OH)CClj is reduced to -CH^CHCl* 
group if (i) the reduction is earned out in conjunction with cone HCl , 
(u) the phenolic group -OH is either absent or is protected by acetylation 
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Resorcinolsuccinein or what is commonly known as succinyl-fluorescein 
has been known in an impure condition ever since Baeyer^ prepared ordinary 
fluorescein or resorcinoUphthalem by the action of phthalic anhydride on 
resorcinol In 1923 Biggs and Pope‘ obtained resorcinol-succinem in a 
pure condition and in the following year Dutt and Thorpe* were successful 
in getting it in a flnely crystalline form The same authors also prepared 
succinyl-rhodamine or m-dimethylamidophenol*succinem hydrochlonde in 
glistening needles, having properties almost identical with ordinary rhodamme 
or m-dimethylamidophenohphthalein hydrochloride. Two years later on, 
that IS m 1926, Dutt* prepared phenohsuccinein for the first time as colourless 
prisms melting at 252° C , and dissolving in dilute sodium hydroxide with 
intense crimson colour, just like ordinary phenol-phthalein A large number 
of analogous derivatives of succinic acid were prepared by the same author by 
condensation of the anhydride with aromatic phenols and ammo compounds, 
and the results although incorporated in the thesis for the degree of 
Doctorate of Science of the London University, were not subsequently pub* 
lished in consideration of the fact, that, as the most important compounds of 
the series had already been published, the analogous compounds were not 
of sufficient importance to deserve publication by themselves But in view 
of a recent paper by Dass and Tewan* describing many of these analogous 
succineins and containing results which are not only highly surprising but 
are beyond all normal expectations, that the present author has thought it 
necessary and desirable to publish his own experimental results earned out in 
this connection in the London University nearly 16 years ago and also corro- 
borated by recent experunents carried out m India. The results have been 
tabulated at the end of the experimental portion of the paper, and for the 
sake of comparison have been grouped against the corresponding results of 
Dass and Tewari and also against known data regarding the corresponding 
pbthaleins 

The most remarkable feature about the work o^ Dass and Tewan 
mentioned above with regard to the succineins is that they have described the 
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greater majority of them as a series of black powders, whereas the present 
author could only isolate them as colourless crystalline substances, just bke 
the corresponding phthaleins O-cresol-succinein and in-cresol>succinein 
have been given the molecular formula of CiaHuOs by Dass and Tewan 
which IS definitely wrong, since undoubtedly they possess the following mole- 
cular structures ‘ 



o-Cresol-succinein m-Cresol-succinein 


and therefore the molecular formula CigHigOa Similar is the case with the 
compound, m-amidophenol-succmein, which they have described as a violet 
powder soluble in caustic soda and insoluble in acids The formula that 
Dass and Tewan have given to the substance, that is C„Hj40sNg, is apparently 
wrong, as it is undoubtedly phenolic m character and therefore possesses the 
molecular structure given below — 

CHo— L. 

I 

m-Amidophenol-succmein 

which corresponds to the formula CUH18O4N Had the authors determined 
the nitrogen content of their compound, they would have easily found out 
their mistake. The structural formula assumed by Dass and Tewan for their 
substance, that is : 


o 



CH*— Cv 

I >0 

CH*-CO 


is incompatible with the properties of the compound descnbed by themselves 
since with the above formula, it is not possible even by a stretch of imagination 
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to visualise how the substance could dissolve in caustic soda and get precipi- 
tated by acids On the contrary one would easily think that with such a 
formula which is that of a true rhodamme, this substance would, like a 
rhodamme, get easily dissolved in acids and precipitated by alkalies Appa- 
rently the authors are not aware of the fact that m-amidophenol condenses 
with diabastc acid anhydrides in a different way to that of m-dimethyl amido- 
phenol, and the two condensation products have different properties. This 
has already been clearly shown by Dutt* as early as 1923. 

Experimental 

O-Cresol-succineln — This was prepared by heating o-cresol with succinic 
anhydride in presence of stannic chloride in the same way as phenol-succinein 
(Dutt*) Two products were simultaneously formed, one being o-cresol- 
succmein (major fraction) and the other o-cresol-succinein-anhydnde, and 
they were separated from each other by the action of caustic soda in which 
the former only is soluble 

O-Cresol succmein crystallises from alcohol in colourless prisms melting 
at 264° C and dissolving in alkalies with an intense crimson colour 
(Found C =72 3, H-= 6 3 Ci 8 Hi ,04 requires C=72 5,H = 6 0%) 

0-Cresol-succinein-anhydnde crystallises from glacial acetic acid in 
colourless glistening needles melting at 178-79° C and is insoluble in alkalies 
or ammonia It has properties very similar to o-phenol-phthalein-anhydnde 
or fluoran first prepared by Baeyer» in 1892 (Found C -- 76 8, H - 5 9 
requires C = 77 1 , H = 5 7% ) 

M-Cresol-sucanetn —This was prepared from succinic anhydride and 
m-cresol m the same way as o-cresol-succmein It crystallises from dilute 
alcohol m colourless glistening prisms melting at 146° C and dissolves in 
dilute alkalies and ammonia with a bright pink colour. (Found C = 72 2 ; 
H = 6 2. requires C= 72 5, H = 6 0%.) 

a-Naphthol-succmein — ^This was prepared by heating a mixture of 
succinic anhydride (10 g ), a-naphthol (14 g ) and chlorosulphonic acid (5 g ) 
at 100-1 10° C for 4 hours in a stream of carbon dioxide The melt was then 
poured into a litre of boiling water and the insoluble grey precipitate filtered 
off and repeatedly crystallised from alcohol with the addition of animal 
charcoal ultimately as colourless needles melting at 24S° C. It dissolves in 
dilute alkalies and ammonia with an intense blue colour. (Found . C = 81 *6 , 
H = 4 8 C„H „04 requires C»= 81 8, H«4-5%) 

Quinol-mccinein.—nHAs was prepared by heating a mixture of succinic 
anhydride (10 g), quinol (22 g) and concentrated sulphuric acid (1 c.c.) at 
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160-170° C for 6 hours in a current of carbon dioxide The melt was 
poured into boiling water and the insoluble precipitate crystallised from 
dilute alcohol with the addition of animal charcoal in colourless glistening 
prisms melting at 258° C It dissolves in dilute alkalies and ammonia with 
an intense violet colour, which however soon oxidises and becomes ultimately 
brownish-yellow (Found C = 67 3,H-4 5 CuHijOg requires C= 67 6 , 
H = 4 2%) 

Catechol-succmein — This was prepared from catechol and succinic 
anhydride in the same way as catechol-citraconein (Ohar and Dutt”), catechol 
itaconem (Dhar and Dutt*) or catcchol-j3-phenylpyridine-dicarboxylcin 
(Tcwari and Dutt‘®) The substance crystallises from alcohol in colouiless 
glistening prisms melting at 286" C It dissolves in caustic allakies and 
ammonia with a transcient green colour, which rapidly becomes brown by 
oxidation, particularly on exposure to the air In all these respects, catechol- 
succinein is perfectly analogous to catechol-phthalein first prepared by Meyer' ^ 
in 1905 (Found C -67 2 , H =4 4 Ci,Hj A requires C -67 6 , H =4 2% ) 

Pyrogallol succinem — This was prepared from pyrogallol and succinein 
anhydride in the same way as quinol-succinein It crystallises from dilute 
alcohol in colourless glistening prisms melting at 276" C It dissolves in 
dilute alkalies and ammonia with a blue colour (Found C == 60 4 , H - 4 1 
CieH^O, requires C - 60 7 , H -= 3 8 %) 

Phloroglucmol'Succinem — This was prepared from succinic anhydride 
and phloroglucinol in the same way as resorcinol succinem It crystallises 
from dilute alcohol acidified with hydrochloric acid in bright orange-yellow 
prisms melting above 300°C (Found C= 60 5,H“4 1 C],H] A r^u'res 
C=60 7,H =3 8 %) 

M-amidophenol‘Succmem -—This was prepared from m-amidophenol and 
succinic anhydride in the same way as 2 2 '-iminophenol-sulphamphthalein 
(Dutt'*) The substance crystallises from dilute alcohol m light-brown prisms 
melting at 224° C. It dissolves in dilute alkalies and ammonia with a brownish 
yellow-colour, but without any fluorescence The alcoholic and acetic acid 
solutions are brownish-yellow with moss-green fluorescence (Found . 
N ==. 4 8 , C,aHia O 4 N requires N = 4 98% ) 

M-phenylenedtaminesucclnetn — ^This was prepared from m-phcnylene- 
diaimne hydrochloride and succinic anhydride in the same way as the corres- 
ponding camphorein (Sircar and Dutt'*) The substance crystallised from 
dilute alcohol in bright yellow glistening plates melting at 242° C It is inso- 
luble in alkalies or ammonia, but dissolves in dilute acids with an intense 
orangered colour. (Found: N= 15*3, requires N= 14*9%) 
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Table I 


General Properties of the Succineins 
(D prepared by Dutt DT = prepared by Dass and Tewari 

S - succinein) 


Name of the compound 

Appearance 


Colour in alcohol 

Colour in alkali 

Phenol — S 

(D) 

Colourless prisms 

252 

Colourless 

Crimson 

Do 

(DT) 





O<resol-— S 

(D) 

Colourless prisms 

264 

Colourless 

Crimson 

Do 

(DT) 

Chocolate-brown 

powder 

195 

blacken, 

Chocolate-brown 

Reddish-vjolct 



230 






melt 



M-cresol— S 

(D) 

Colourless prisms 

146 

Colourless 

Crimson 

Do 

(DT) 

Light brown 
powder 

Colourless prisms 

112 

Brownish-orange 

Brownish-orange 

a-Naphthol— S 

(D) 

245 

Colourless 

Deep blue 

Do 

(DT) 

Black powder 

185 

Pmk-orangc 

Pink-orange 

Resorcmol — S 

(D) 

Brown needles 

234 

Yellow 

Orange-yellow 

Do * 

(DT) 

• • 


« 

• . 

Catechol— S 

(D) 

Colourless prisms 

286 

Colourfess 

Transcient green 

Do. 

(DT) 

Black powder 

Above 

Dirty greenish- 

Dull green 




290 

yellow 

Quinol— S 

(D) 

Colourless prisms 

258 

Colourless 

Transcient violet 

Do 

(DT) 

a • 



• • 

Pyrogallol— S 

(D) 

Colourless pnsms 

276 

Colourless 

Blue 

Do. 

(DT) 

Grey-black powder 

Above 

Deep mahogany- 

Violet 




290 

brown 


Phloroglucinol— S (D) 

Orange-yellow 

Above 

Orange-yellow 

Orange-red 


(DT) 

prisms 

290 



Do 

• 


• 

M-amtdophenol- 

-S(D) 

Light brown 

224 

Brownish-yellow 

Brownish-yellow 

Do 

(DT) 

pnsm 

Violet powder 

198 

Vjolet-red 

Violet-red 

M-dimethylamido- 





phenol-S(HCl) 

(D) 

Brown needles 

225*30 

Bluish-red 

Insoluble 

Do 

(DT) 

. 

a • 

.* 

4 . 

M-phenyleno- 






diamine — S 

(D) 

Yellow plates 

242 

Yellow 

Insoluble 

Do 

(DT) 

Clay-coloured 

powder 

210 

• 

* A 
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Table II 

Colour and Absorption Maxima of the Succineins 
(D = prepared by Dutt DT ^ prepared by Dass and Tewari. 

S = Succinein P =- Phthalein) 


Name of the compound 

Colour in alcohol 

Absorp- 
tion 
maxima 
m ditto 

o 

(A) 

Colour in alkali 

Absorp- 
tion 
maxima 
in ditto 

d) 

Phenol— S 

(D) 

Colourless 


Crimson 

5450 

Do — S 

(DT) 




5450 

O 

0 

1 


Colourless 


Crimson 

5550 

O-cresol — S 

(D) 

do 


do 

5460 

Do. — S 

(DT) 

Chocolate-brown 

4800 

Reddish-violet 

6250 

Do — P 


Colourless 


Crimson 

5565 

M-cresol-^ 

(D) 

do 


do* 

5450 

Do. -S 

(DT) 

1 Brownish-orange 

4000 

Brownish-orange 

4000 

Do — P 


Colourless 


Crimson 

5555 

a-naphthol— S 

(D) 

do 


Deep blue 

6080 

Do — S 

(DT) 

Pink-orange 

4400 

Pmk-orangc 

4850 

Do — P 


Colourless 


Deep-blue 

6100 

Resorcinol— 5 

(D) 

Yellow 

4709 

Orange 

4936 

Do. — S 

(DT) 


5000 

« 

5200 

Do — P 


Yellow 

4800 

Orange 

4940 

Catechol— S 

(D) 

Colourless 


Green 

6500 

Do. — S 

(DT) 

Dirty greenish- 
yellow 

4300 

Dull green 

4600 

Do. — P 


Colourless 


Green 

6650 

Quinol— S 

(D) 

do 


Violet 

5810 

1. 

(DT) 

* 


• 


Do.— P 


Colourless 


Violet 

5900 

Pyrogallol— S 

(D) 

do 


Blue 

5950 

Do* — S 

(DD 

Deep mahogany 

5970 

Violet 

6750 

Do. — P 


Colourless 


Blue 

5980 








164 Sikhibhushan Dutt 


Tabls ll—Contd 


Name of the compound 

Colour in alcohol 

Absorp- 
tion 
maxima 
in ditto 

(i) 

Colour in alkali 

Absorp- 
tion 
maxima 
in ditto 

(i) 

Phloroglucinol— S (D) 

Orange-yellow 

4800 

Orange 

4920 

Do (DT) 





Do — P 

Orange-yellow 

4850 

Orange 

4980 

M-amidophenol— S (D) 

Brownish-yellow 

4750 

Brownish-yellow (acid) 

4800 (acid) 

Do — S (DT) 

Violet-red 

5900 

Violet-red ( .» ) 

5950 ( ) 

Do — P 

Brown 

4850 

Brown ( „ ) 

4910 ( „ ) 

M-dimethylamido- 





phenol— S (HCJ) (D) 

Bluish-red 

5465 

Bluish-red ( „ ) 

5465( „ ) 

Do — S (DT) 





Do — P(Ha) 

Deep pink 

5550 

Deep pink ( „ ) 

5550 ( ) 

M-phenylene- 





diamine— S (D) 

Yellow 

4550 

Orange-red ( „ ) 

5000( „ ) 

Do — S (DT) 


4450 


4750 ( ) 
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I Action of Halogens on Cyanogen Halides 

No observations appear to have been recorded on the action of halogens 
on cyanogen halides except that of chlorine on cyanogen chloride (Wurtz, 
1851 , Naumann and Vogt, 1870) and bromine on cyanogen bromide in 
ether (Poonamarew, 1885) which polymerise them to cyanuric chloride and 
cyanuric bromide respectively The object of the present investigation is to 
study the possible displacement reactions with the cyanogen hahdes 

The action of chlorine gas on cyanogen iodide and the action of bromine 
on cyanogen chloride were first studied It was expected that chlorine would 
displace iodine from cyanogen iodide forming cyanogen chloride, but it was 
found that cyanogen iodide was not affected by dry chlorine Dry cyanogen 
iodide, prepared by warming an intimate mixture of one part of lodme 
and two parts of AgCN, at about 40°, was subhmed into a narrow tube 
which could be heated in a water-bath Dry chlorine was passed through 
the tube for nearly two hours No immediate reaction occurred, and even 
after leaving for a week at room temperature (30°) the white needles of 
cyanogen iodide remained unchanged The tube was then slowly heated, 
but no reaction occurred up to the sublimation temperature of cyanogen 
iodide (about 40°). It was found that cyanogen iodide could be subhmed 
unchanged in an atmosphere of dry chlorine 

Since chlorine does not displace iodine from cyanogen iodide, it was 
thought that bromme might displace chlorine from cyanogen chloride form- 
ing cyanogen bromide. This reaction, however, is not simple. 

Experimental 

Cyanogen chloride was produced by the action of chlorine on aqueous 
hydrocyanic acid (10-15%) prepared by distilhng potassium ferrocyanide 
with dilute sulphuric acid. The aqueous HCN was placed in a series of gas 
washing bottles containing glass beads. The last wash bottle was connected 
to a U-tube of calcium chlondc which was sealed to a glass spiral cooled m 
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ice and salt A steady current of chlorine was then passed through the 
aqueous hydrocyanic acid The cyanogen chlonde formed condensed in the 
spiral as a colourless liquid The liquid CNCl was then purified by passing 
excess of chlorine to remove any free HCN, treated with pure dry mercury 
to remove the excess of chlorine, and finally distilled through sodium 
bicarbonate and calcium chloride to remove HCl and moisture respectively 
(Price and Green, 1920) 

The reaction between bromine and cyanogen chlonde was allowed to 
take place in a U-tube with taps sealed at either end The bromine was 
distilled over fused calcium bromide into the apparatus and then the 
cyanogen chloride was distilled into the same For about 10 cc of liquid 
bromine, 8-9 cc of CNCl were taken After about 12 hours the liquid 
mixture of bromine and cyanogen chloride solidified to short needle-shaped 
crystals The reaction was allowed to continue for five days more 

After this period, the excess of bromine was removed by passing a 
current of dry air through the apparatus and then through strong alkali 
The alkali was tested in the end and found to contain no cyanogen com- 
pound The solid residue was then treated with pure dry chloroform, in 
which almost the whole of it dissolved The solution was filtered and the 
chloroform distilled off, when a crystalline product was formed This was 
re-dissolved in chloroform and crystallised, when shining plates were 
obtained. Re-crystaliisation from petroleum ether (60-80°) gave feather- 
shaped crystals. 

This substance contains Carbon, Nitrogen, Chlorine and Bromine 
It melts at 160-61° to a colourless liquid which slowly volatilises as the 
temperature is raised It sublimes above 100° It dissolves in ether, carbon 
disulphide, carbon tetrachloride, petroleum ether and very readily in chloro- 
form, benzene, and acetone. Alcohol decomposes it with the formation of 
cyanunc acid. It is insoluble in cold water, but dissolves in hot water. 
Heated with water at 100-20°, cyanunc acid, HCl and HBr are formed The 
substance has a strong, pungent, and irritating odour causmg tears in the eyes. 

The carbon was estimated by the usual method, and the nitrogen 
by Dumas method. The total halide was estimated by Pina and Schiff’s 
method, and thence the two halogens were estimated separately by Moser 
and Miksch method of heating the combined silver halides with pure dry 
ammonium bromide (to convert the chloride into bromide) On analysis 
the substance was found to have the composition, Cl«« 47 4%, Br= 12 85%, 
N =» 21 43% and C =* 18 31% From the percentage composition, the calcu- 
lated formula comes to C^NaClaBr with a molecular weight of S97. But 
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the molecular weight determined by the cryoscopic method using benzene 
as the solvent comes to only 206 

0*2298 gm. of substance dissolved in 24 8310 gm of benzene gave a 
depression of 0 225° C. (Mol Weight =205 6 ) 

0*2477 gm of substance dissolved in 23 9520 gm. of benzene gave a 
depression of 0*251° C. (Mol Weight =- 206). 

The melting point of substance, however, remains unchanged when 
crystallised from acetone and carbon tetrachloride and also after subliming 

It IS probable the substance is a double compound of two molecules 
of cyanunc chloride, CaNgCIs, and one molecule of monobromo cyanunc 
chloride, CaNaCUBr (see below), which dissociates in benzene into two 
molecules of C 3 N 3 CI 3 and one of CaNsClaBr This will explain the observed 
molecular weight (206) in benzene which is nearly one-third the theoretical 
(597) It IS further proved that the substance is a definite compound from 
the melting point determinations of mixtures of the two compounds, 
CaNsCls and CsNsClaBr For, the melting points of mixtures of CsNgCl, 
and CaNaClaBr mixed in proportions slightly higher and lower than the 
theoretical ratio 2 1 were lower than the mp (160°) of the substance 
(C,N,Cl3Br) 

m p of a mixture of 0 0241 gm. (70*87%) of CsNaCls and 0 0099 gm 
(29 13%) of CaNaCljBr was 156°C 

m p. of a mixture of 0 01 103 gm (48 52%) of CaNgCla and 0 0117 gm 
(51 *48%) of CjNaCUBr was 150° C 

Cyanunc chlonde is given a cyclic ring structure as 2 * 4 6 * trichloro 
1 * 3 * 5 * triazin (Chattaway, 1902) 


Cl 



a 


In a similar manner the constitution of CgNgClgBr can be expressed either as 

Cl Cl Cl Cl 

^ .ir-*c *K-C-N- C-N-C -Cl 
I II 

N-C-N-C-N-C— N'^c-N 

Ct ill Cl ^ 
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The second formula can easily account for the observed dissociation 
of the compound into three simple molecules in benzene 


II Action of Hydrobromic Acid on Cyanuric Chloride 

By the action of aqueous hydnodic acid (57%, constant boiling point 
acid) on cyanuric chloride in the cold, Klason (1886) observed that besides 
cyanuric iodide, the compound monochloro cyanuric iodide, CaN,IjCl, was 
also formed as an intermediate product This was obtained as white feathery 
crystals by beating the cyanunc iodide formed at about 360° So it was 
expected that by a similar treatment of cyanuric chlonde with hydrobromic 
acid (47% constant boiling point acid) the corresponding bromo compound 
could be obtained But instead of the bromo compound CsNsBrgCI, only 
QNsCljBr was obtained 

Experimental 

Cyanuric chlonde was prepared according to the methods of Klason 
(1886) and Fries (1886) 

Into a flask containing pure dry chloroform, chlorine was passed until 
saturation Then chlorine and hydrogen cyanide were both passed simul* 
taneously, keeping the chlorine always in excess and applying strong cooling 
throughout the experiment. After 12 hours the flask was fitted with 
a condenser and refluxed until the excess of chlorine, HQ and the unpoly- 
merised CNCl had all escaped. Then the chloroform was distilled ofT, 
when a residue of long needle-shaped crystals was got. The product was 
recrystallised from petroleum ether and dried in a desiccator. 

To about a gram of the pulverised cyanuric chloride about 6-^ cx. of 
47% hydrobromic acid were added and constantly stirred. After every three 
hours, the acid was removed by decantation, fresh acid added and agam 
stirred constantly The reaction was thus continued for 24 hours. Then 
it was filtered, washed and dried in a desiccator The dned product was 
heated up to 150° when prismatic crystals sublimed. Aftm: resublumng it 
was used for analysis 
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Oh the Cyanogen Haltdes 

This substance contains Carbon, Nitrogen, Chlorine and Bromine. 
Most of It sublimes below 200°, only a little melts at 210° which slowly 
volatilises as the temperature is raised further It dissolves in all the usual 
organic solvents Alcohol decomposes it with the formation of cyanunc acid. 
It IS insoluble in cold water, but when heated with water at 120°, cyanunc 
acid, HCl and HBr are formed 

On analysis the substance is found to have the composition CI= 30 4%, 
Br-34 31%, and N= 18 22%, CjNjCljBr requires Cl =30 98%, 
Br -34 92%, and N= 18-37% 

The m p. of substance remains unchanged when crystalbsed from chloro- 
form 

The non-volatile residue left behind on heatmg the washed and dried 
product of the reaction of hydrobromic acid on cyanunc chloride, also con- 
tained carbon, nitrogen, chlorine and bromine The quantity of substance 
available was too small for analysis It did not melt nor sublime upto 
280° C 

Further work is in progress. 

The author is deeply indebted to late Professor Edward Barnes under 

whose direction and guidance the work was carried out. 

* 
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Introduction 

Wetting agents are being extensively used m several of the processes of the 
textile industry such as kier boiling, dyeing and finishing The wetting 
agents bring about thorough wetting and thereby ensure uniformity m the 
treatment of fabrics They also accelerate the penetration of liquids into 
the fabric and thereby increase the speed of operation A large number of 
wetting agents having varying degrees of efficiency are now commercially 
available 

The evaluation of wetting agents is of great importance to the producer 
as well as the consumer Several methods are available Most of the 
methods however are of a semi>quanMative character. Though they arc 
useful for industrial purposes, thev fail to give an exact measure of the wetting 
property Theoietically, the determination of the spreading coefficient of the 
wetting agent solution on the grey yarn should give a precise idea of the 
wetting power But, the measurement of this quantity is beset with many 
difficulties since the system involves solids Irreproducible kinetic effects, 
complications due to the roughness of the surface,^ and friction effects 
at the meniscus render difficult an accurate determination of the contact 
angles m such systems Tt is therefore preferable to find out the spreading 
coefiicients of wetting agent solutions on a hydrophobic liquid such as a 
mineral oil and assess the wetting properties 

Guppies’ has determined the spreadmg coefficients by measuring the 
surface tension of the oil surface tension of the aqueous solution y„ and 
the interfacial tension y„^ of the oil-aqueous solution interface. The spread- 
ing coefficient for water on oil is given by the equation 

■* y* “■ yini ““ Ytpe’ 

The interfacial tension values obtained by the ring method are rendered 
uncertain owing to the frequent occurrence of finite contact angles. We 
have therefore adopted the free lens technique of Langmuir* for measuring 
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the spreading coefficients of nekal BX solutions The method consists in 
measuring the diameters of oil lenses formed from known amounts of oil. 
If V IS the volume of oil employed and Ris the radius of the lens formed, 

V I 

one can get the value of by plotting the values of ^ against ^ and extra- 
polating to g — 0. 

Experimental 

Purification of materials —The nekal BX (sodium dialkyl naphthalene 
sulphonate) used was a purified specimen prepared from the commercial 
sample by the following method * 25 g of dry commercial quality nekal 
BX were dissolved in 250 c c of alcohol The solution was allowed to stand 
overnight in a tall cylinder The clear supernatant liquid was filtered and the 
filtrate was concentrated and finally evaporated to dryness The residue 
was dried in a hot air oven at 100" C for 3 to 4 hours The material was 
powdered and bottled while still hot The paraffin oil used in these investi- 
gations was Evan's “ Liquid Paraffin ” It was used without further purifica- 
tion as It was found to have the following characteristics It did not 
spread on water but formed a lens It did not develop any surface pressure 
as indicated by the surface pressure balance and it did not give nse to any 
appreciable surface film when put on water 

Apparatus 

It is to be pointed out that the systems dealt with m this paper are those 
which exhibit a variation of the surface properties with time * In order to 
get comparable and reproducible results, it is necessary to work with surfaces 
of definite age In order to enable this, a special shallow glass trough 2' x ly 
was constructed by fixing a beading of i" glass strips, on a I' glass plate by 
means of a high grade paraffin wax The edges of the trough were paraffined 
so that the surface of solutions in the trough could be swept by barriers as in 
surface film work Paraffined glass strips were used as barriers The 
paraffin oil lenses were photographed from above, using a double extension 
camera with a Ziess Tessar f/4 5 lens of focal length 13 5 cm stopped down 
to f/8 Exposure of 1/5 to 1/2 second was given The paraffin oil lens was 
illuminated from the bottom by means of a 100 watt electric lamp. A sheet 
of ground glass was interposed between the oil lens and the lamp As the 
paraffin oil has a higher refractive index than water, it can easily be shown 
that the light from the extended source under the conditions of our experiments 
gets refracted in such a way that the boundary of the oil lens comes out very 
sharp in the photograph Distance between the object and the camera was 
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about 22* and the distance between the lens and the source of light was 24* 
To find the relationship between the size of the object and the size of the 
image, an accurate glass scale was photographed from the same distance. 
An examination of the photograph of the scale showed that the errors due to 
spherical aberration were negligible The sensitive material used was Ilford 
H P. 2 plates and they were hardened during development 

Procedure — The trough was completely filled with the solution The 
surface was then cleared with paraffined barriers The surface tension of the 
solution at 11, 13 and IS minutes after clearing were determined by the ring 
method using Du Nouy tensiometer in its modified form * In calculating the 
surface tension the corrections of Harkins and Jordan^ have been applied 
The values obtained are given in Table II and Fig 1 



Percentage of Nekal BX 
Fio. 1 

Surfoce Tenuon of Nekal BX Solutions (age of Surface 11 minutes) 


Before photographing, the surface was cleared once again and immedi* 
ately a known weight of paraffin oil was added Eleven minutes after clear- 
ing, the oil lens was photographed The diameter of the lens on the ne^tive 
was measured correct to 0 001 cm using a travelling microscope and taking 
the mean of 2 to 4 even diameters. The work was done in a room free firom 
droughts and at a temperature of 27 5® ± 1 0* C. 

The surface tension of the paraffin oil was determined by the fnaximum 
bubble pressure technique as developed in this laboratory * 
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V 1 

The values of and (extrapolated) obtained in the several 

systems examined, are given m Table I 

The values of the spreading coefhcient of oil on water can be calculated 
by the equation 

c _ ^PsCPi-Pa) ^oo* 

- Ip, - 

where g is the acceleration due to gravity, p, the density of water and p^ the 
density of the paraffin oil used (0 885) 

From these values the spreading coefficient of water on oil is calculated 
by the equation 

Syip — 2 y*} 

where y„ and y^ are the surface tensions of the aqueous solution and paraffin 
oil respectively 

The interfacial tension of the aqueous solution-oil interface has 
been calculated by the equation 

ywo ~ *1' Vw Ye 

The adhesion tension of water against oil is given by the equation 

^ute ” Ye '^we 

The values of all these quantities for nekal BX solutions of different concen- 
trations are given in Table II and Figs 2 to 5 



Via. 2 Pkj 3 

Spnadiaa CoefBdcDts ofParaflln Oil on InteriiKial Tension of Paraffin Od Nekal 

Nekal BX Solutions, BX Sidittion Interface 
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Percentage of Nekal BX 




Spreading Coefficients of Hekal BX Adhesion Tension of Nekal BX Solutions 

Solutions on Paraffin Oil (Age in Interfaces 11 iiunues ) 


Table I 


Cottcentntlon of 
Nekal BX 

00054 

Concentration of 
Nekal BX 

0 002S54 

Concentration of 
Nekal BX 

0 005% 

Concentration of 
Nekal BX 

1 0 017% 

1/R 

V 

wR* 

1/R 

V 

i?R* 

l/R 

V 

nR* I 

m 

V 

SR- 

0171 

0 427 

0 161 

0 151 

0 190 

0 185 

0 175 

0 214 

0 160 

0-427 

0 156 

0 156 

0 153 

0 194 

Q-147 

0 226 

0 156 

0 428 

0*118 

0 179 

0 122 

0 153 

0 132 

0 223 

0 102 

0 430 

0 116 

0 190 

0 111 

0 202 


0 235 

0 000 

0 434* 


0*250* 

0 093 

0 219 

mm 

0 237 



m 


0 000 

0 226* 


0*262* 


* Extnpolated, 
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Table I {Contd) 


Concentration of Nekal BX 

0 05% 

Concentration of Nekal BX 
0 1% 

Concentration of Nekal BX 

0 2 % 


V 


V 


V 

l/R 


l/R 

SE» 

l/R 


0 177 

0 227 

0 183 

0 239 

0 183 

0 256 

0 160 

0*236 

0 151 

0 246 

0 139 

0 257 

0 139 

0 245 

0 136 

0 243 

0 111 

0 258 

0 112 

0 244 

0 105 

0 256 

0 000 

0 262* 

0 092 

0 254 

0 094 

0 261 



0 000 

0 282* 

0 000 

0 278* 




* Extrapolated. 

Table II 


Concentration 
of Nekal BX 
weight % 

dyn^cm 

A 

dynes/cin 

dynes/cm 

dyn^cm 

dynes/cm 

0 0000 

72 0 

-9 10 

50 3 

-91 5 

- 19 5 

0 0025 

67 6 

- 3 00 

39 8 

-76 6 

- 9 0 

0 005 

64 6 

-2 46 

36 3 

-70 1 

- 5 5 

0 017 

55 5 

- 3 31 

28 0 

1 -52 7 

+ 28 

0 05 

47 9 

-3 84 

20 9 

-38 0 

4 9 9 

0 1 

42 9 

-3 73 

15 8 

-27 9 

+ 15 0 

0*2 

37*7 

-3 30 

10 2 

- 17 1 

+ 20 6 


Discussion 

1. Spreading coefficients of oil on aqueous solutions — A glance at Fig 2 
shows that the presence of nekal BX to the extent of 0 005% increases 
tremendously the spreading of paraffin oil Further increase in concentration 
does not considerably affect the spreading though the minimum in the curve 
IS followed by a small flat maximum The first sudden increase in the spread- 
ing is presumably due to the solute molecules accumulating more easily at 
the oil-aqueous solution interface than at the air-aqueous solution interface. 
At higher concentrations, the solute accumulates to nearly the same extent 
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at both the interfaces It may therefore be concluded that small quantities 
of nekal BX very much improve the spreading properties of oils on polar 
surfaces This fact appears to be of great interest in lubrication problems 

2 Spreading coefficients of aqueous solutions on oil and the adhesion 
tensions — ^The spreading coefficients of aqueous solutions become less and 
less negative as the concentration of nekal BX is increased (Fig 4) The 
wetting power of the solutions is therefore increased by raising the concentra- 
tion of nekal BX It is however to be noted that the spreading coefficient 
does not become positive even at the highest concentrations tried It appears 
therefore that the process of wetting of the grey yarn by these solutions 
(assuming that the wetting characteristics of grey yarn and liquid paraffin 
are similar) is not by spreading but takes place by creeping of the liquid into 
the capillary spaces This tendency is determined by the adhesion tension 
of the aqueous solution against oil which is given by and not by 

the spreading coefficients The values of adhesion tension is negative for 
water and for dilute solutions and becomes positive only with concentrations 
higher than 0 0%15 of nekal BX {vide Fig 5) 

The adhesion tension of aqueous solution against oil 
At*# ~ Y» Yw» “ 2 y* — Ytv “I* S#a» 

Since S#B> IS more or less constant at all concentrations of nekal BX 
(except with the most dilute solutions) it is clear that the adhesion tension is 
mainly determined by the value of y^ Thus the surface tension lowering may 
be taken as a rough measure of the wetting power This conclusion can also be 
justified on theoretical grounds A solute which strongly lowers the surface 
tension of water is strongly adsorbed at the surface The high adsorption 
is caused by the presence of hydrophobic portions in the solute molecule 
Such a solute can also be expected to be adsorbed at the mineral oil-water 
interfaces. So the interfacial tension would be low The adhesion tension 
Y» — Yw would be correspondingly high Thus the surface tension lowering 
would run parallel to the values Of the adhesion tension and would therefore 
be a rough measure of the wetting power 

Summary 

The spreading coefficients of paraffin oil on nekal BX solutions have been 
determined by the floating lens technique of Langmuir These measurements 
combined with the surface tension of the aqueous solutions give an exact idea 
of the wetting characteristics of the solutions A rough measure of the wetting 
power IS shown to be given by a measurement of the surface tension of the 
aqueous solution 
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It IS shown that small quantities of nekal BX greatly improve the spread- 
ing qualities of oils on polar surfaces 

The spreading coefficients of nekal BX solutions are found to be negative 
even at the highest concentrations tried It is therefore suggested that the 
wetting takes place by penetration and not by spreading Thus, the adhesion 
tension of the aqueous solutions against oil gives a more correct measure 
of the wetting power 

In conclusion, the authors wish to thank Professor B Sanjiva Rao, for 
his kind and helpful interest in the work 
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1 Introduction 

Raman effect investigations on glass are not very numerous, and further 
work on the subject is greatly to be desired as our knowledge of the struc- 
ture of glass IS far from being complete at the present time Amongst the 
more important investigations in this field are those of Raman (1928), Gross 
and Romanova (1929), Bhagavantam (1931), Kujumzelis (1935), and 
Langenberg (1937) Prof Raman noticed that the spectrum of glass generally 
consists of diffuse bands and not sharp lines Gross and Romanova studied 
two Russian optical glasses, one a crown and the other a flint, as well as 
amorphous and crystalline quartz and recorded a series of bands in these 
glasses and in fused quartz, and conlcuded that these bands correspond 
roughly to the lines observed in the case of crystalline quartz They also 
noted that the bands are more intense with flint than with cronm glass 

Bhagavantam studied a senes of ten optical glasses from the firm of 
Schott of Jena He recorded the presence of a band at 460 -*■ 520 cm 
with all the glasses and of another band at 780 -> 8(X) which occurs with nearly 
all of them He also noticed that the feeble band at 1080 observed 
with the crown glasses is less intense than the 460 -*• 520 band, and that the 
two much stronger bands at 1000 and 1080 exhibited by the flint glasses are 
more intense than the band at 460-^520, though the latter also gamed 
in intensity in passing from the crown to ^e flint glasses Bhagavantam 
further noticed a band at 640 in a light baryta flint glass, and a band at 650 
in a dense boro-silicate crown ; the latter also exhibits a band at 340 With 
some of the glasses a feeble band at 1320 was also observe^ 

Kujumzelis carried out a systematic study with nineteen optical glasses 
also from the firm of Schott, as well as with fused quartz and fused boron 
trioxide. He drew attention to an important feature, namely, that the Raman 
spectrum of glass includes a continuum stretching from the ntdting line 
towards longer wave-lengths and showing a fairly wdl-defined limit at about 
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530 wave numbers from the exciting bne. This is traversed, however, by 
subsidiary bands, especially in the vianity of its outer edge All the lead 
glasses studied by Kujumzelis showed, m addition, a weak band in the 600 
region, a somewhat stronger band at about 780, and four bands within the 
frequency range 900 to 1200, of which the two central ones were the most 
intense, the positions of these latter shift towards the exciting line with 
increasing lead content of the glass Fused sihca showed bands at 230 -*■ 450 
and a continuum having a limit at 500, bands at 607, 780— »■ 840, 1030 ->■ 1090 
and 1160— »• 1230. Pure bone oxide glass showed a sharp hne at 808. The 
work of Kujumzehs showed that the spectrum of glass is strongly influenced 
by Its chemical composition, both as regards the position and the intensity 
of the bands, and especially by the proportion of boric and lead oxides 
to silica Langenberg studied twenty>six optical glasses including pure 
boric oxide glass and fused quartz, all except the last being from the firm of 
Schott While confirming the results of Kujumzelis, he attempts to 
attribute the frequencies of the various observed bands with the vibration 
frequencies of the several chemical components in the glass , as for instance 
to the Si 04 -ion in the silicate glasses and to the BOj-ion in the borate 
glasses 

Reference may be made also to the recent work of Matossi and Bluschke 
(1938), who have studied the infra-red reflection spectra of about 23 glasses 
of different compositions All the silicate glasses show broad bands of which 
the two stronger have their maxima at about 9 ft and between 22 to 23 ft res- 
pectively. Weaker bands are also observed at 8‘8ft, 12 8ft, and 20 9fi for 
fused quartz glass , at 7 ft and 14*8 ft for sihca-barium glasses with boron 
content , and at 7 ft, 11 5 ft and 14 8 ft for borate glasses contaming lead 

The present paper records the results of a study of the Raman spectra 
of seventeen optical glasses, manufactured by the firm of Schott at Jena. 

2 Specimens Studied 

Table I gives the list of the glasses studied, as also their composition 
and density furnished by the manufacturers They were all in the form of 
rectangular slabs (3 x 3 x 2 c c ) with all except two of their end faces 
polished. These were the same specimens with which R. S Knshnan (1936) 
carried out in 'this Laboratory his investigation on “ Scattering of Light m 
Optical Qlasses”. The refractive indices of the spedmens given in Table I 
are the values as measured by him with a Pulfrich refractometer. The 
Raman spectrum of crystaUme quartz in the form of a cylmder of length 
5 cm and diameter 2*5 cm. has also been recorded for purpose of 
comparison. 
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Table I 


Serial 

Number 

Meltinp 

Numbet 

Glass contains traces of Al^Og, Fe^Ot, AS|0« 
and Oxides in 

Denidty 

Refhicjve 

index 

/SB 

more than 10% 

less man 10% 

1 

2S188 

SiO|a BfOgi AI|Oj| fCgO 

NagO,F 

2 3 

1 4670 

2 

1841S 

SiO|t H|0§» KfO 

AIA 

2*3 

1*4925 

1 

3 

16776 

SiOg, KgO 

AlgOg, Na,0, CaO 

2 4 

1 5022 

4 

23975 

SiOgf BgOgi 7nO 

AlgOg, NogO 

2 5 

1*5095 

S 

24906 

SiOgf BgOg 

NaAK|0,BaO 

2 5 

1 5269 

6 

22601 

SiOfi BgOg, SbgOg 

AlgOg, NagO, KgO 

2 7 

l‘S294 

7 

23125 

SiOg, NagO, PbO 

ZnO 

2 7 

1 5370 

8 

22638 

SiOg, PbO 

Na,0. K«0 

2 9 

1 5449 

9 

24464 

SiOg, ZnO. BaO 

BA. Na/>, K A PbO 

3 1 

1 5697 

10 

19510 

SiOg, PbO 

Na^. K|0 

3 2 

1*5698 

11 

23355 

SiOgi BgOgi BaO 

A] A. NatO 

3*3 

1 5892 

12 

20672 

SiOg, PbO 

BA. NatO. K|0 

3 4 

1*5983 

13 

22986 

SiOg, BaO, PbO 

Na A K A ZnO 

3 5 

1 6163 

14 

23441 

SiOg, PbO 

Na,0. Kfi 

3 9 

1 6473 

IS 

23497 

SiOg, BaO, PbO 

NagO.KAZoO 

3 9 

1*6498 

16 

23850 

SiOg, PbO 

Ma,0. K,0 

IB 

1 7130 

17 

23590 

SiOg,PbO 

Na«0. K,0 

m 

1 7850 


3, Experimental Arrangements 

AU the specimens were investigated with a Fuess glass spectrograph of 
of large light*gathering power Each of the glass slabs was illuminated by 
placing the mercury arc near its side and the scattered light was focussed 
directly on to the slit of the spectrograph Most of the specimens showed 
strong fluorescence which masked the Raman spectrum This disturbance 
was effectively eliminated by cutting out the 4046 A region of the mercury 
arc with a suitable filter , a saturated solution of NaNOj (sodium mtrite) in 
water kept in a specially made pyrex glass cell was found to serve the purpose 
very well As the glass No 17 was coloured yellow, no filtw was necessary 
in this case ; 4358 A being the exciting wave-length. Ilford selochrome 
plates were used The photographic plates were measured on a micro- 
meter by comparison with the iron arc spectrum taken along with the spectra 
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on the plates In the case of the weak and diffuse bands, the measurements 
were necessarily rough 

The continuum following the exciting line, which will be mentioned in 
the next section, is shown to be a genuine Raman effect, and not a case of 
fluorescence by taking the glasses which are not strongly fluorescent and 
utilising only the 4046 A line of the mercury arc as the exciting line and 
cutting out the 4358 A radiation with a concentrated solution of Iodine in 
CCI 4 before entry of the light into the glass The continuua are then found 
to accompany the 4046 A line, exhibiting the same limit for the frequency 
shift, while the continuua following the 4358 A line disappear 

c 

4 Results 

The Raman spectra obtained in the case of the glasses consist in general 
of broad and diffuse bands, as will be seen m Plate VII It is considered 
advantageous to give the frequency displacements and the intensities of the 
bands in the form of graphical representations, in Figs 1 and 2 ; the 
intensities of the various bands in each case are drawn relative to the most 

O 200 400 600 800 1000 1200 1400 1600 em-l 
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intense band of that specimen. The actual measurements of the bands are 
given in Tables II and III. The general characteristics of the Raman spectra 
are similar for glasses of the same qualitative composition, but vary in detail 
from glass to glass As reported by Kujumzelis, each ^ass exhibits a conti- 
nuum closely following the exciting line and aiding abruptly with a limit at 
about S30 wave numbers. These contmuua end with a sharp limit m glasses 
containing PbO, while they do not end so sharply and are followed by a certam 
haziness beyond this limit in the other glasses, eqieeially those which do not 
contam PbO This can be seen to be so in the case of gluses of Nos. 3, S, 6, 9 
and 11 of the present study. That these contimiua are due to genuine Raman 
effect and not due to fluorescence has beoi demonstoated, as already 
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Lt,Liaitt. e.w,cxlMinet]rweak, w.weak, fj, fairly strong , v s , very strong, s, strong 
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mentioned, by the use of filters In the sufficiently well exposed plates the 
contmuua also appear on the shorter wavelength side of the exciting line, 
the limiting frequency shift being the same as for the one on the longer wave- 
length side In the glass No 1 , which contains both bone oxide and fluorine 
the band at 800 is sharp and intense, and the contmuum stretching upto about 
500 IS strong, while the other bands are relatively weak and diffuse. The 
same features are also observed in glass 2, which is of similar composition 
but for the omission of fluorine, except that the 800 band is not now so 
marked. A comparison between the glasses 3 and S is specially interesting, 
the latter containing bone oxide and the former not In the silica- 
alkali glass, the continuum is weak, but a band at 540 is strong and well 
defined, while in the glass containing boric oxide, the continuum is stron^r 
but the band at 520 is not so well defined On the other hand, in glass 5, the 
band at 634 is strong, while in glass 3, it is not noticeable In both glasses 
the band in the 1000-1200 region is strong, but more so in glass 3 Glass 4 
was too strongly fluorescent to give any useful results Glass 1 1 which is a 
heavy one containing barium but no lead shows a definite shift of the band at 
1000 towards the exciting line which is very significant in view of the analo- 
gous results shown by the lead glasses, which we shall comment upon The 
Si-Pb glasses exhibit a characteristic Raman spectrum, having an intense 
continuum with a sharp limit, this limit remaining the same for all the glasses 
of the series irrespective of lead content, as also two weak and diffuse bands 
at 600 and 800 and two very prominent bands in the 950->-l 100 region, with 
weaker bands on cither side of them Glass 7 appears also to exhibit a weak 
band at about 1050 between the two stronger bands It is noteworthy, as 
has already been observed by Kujumzelis, that with increasing lead content 
the two intense bands in the 950— 100 region are gradually displaced 
towards the exciting radiation, while at the same time they approach nearer 
each other The presence of BaO in the glasses has the effect of making these 
two strong bands more intense, as also to cause them to approach each other 
and shift towards the exciting line but to a lesser extent than for lead 
glasses , it appears also to result in an enhancement of the intensity of the 
bands at 600, 800 and of the weak one at 930 

The interpretation of these results will be discussed in a later communi- 
cation 

In conclusion, the author takes this opportunity to thank Prof Sir 
C V Raman for his keen interest in this work 

Summary 

The Raman spectra of a representative collection of seventeen optical 
glasses of varying composition and density were investigated. The observed 
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results are given m the tables as well as m the form of graphical representa- 
tions and the spectra are also reproduced in the Plate, and their relation to 
chemical composition is pointed out A resume of the results of the previous 
investigators in this held is also given The continuua that follow the exciting 
line in the spectra are shown to be due to a genuine Raman effect and not a 
case of fluorescence The work broadly confirms the experimental results 
of Kujumzelts Important features, as for instance the influence of barium 
and lead oxides on the spectra are also emphasised The effect of the pre- 
sence of bone and lead oxides on the distribution of intensity on the con- 
tinuum IS a noteworthy feature brought out by the present investigation ' 
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§1 In a recent paper, which will here be referred to as E I H , Einstein, 
Infeld and Hoffmann^ have given a new relativity theory of gravitation It 
marks an important departure from the well-known general theory which the 
authors describe as classical relativity The essence of the new theory hes 
in Its possession of the three ideal features which were the desiderata of the 
earlier theory Einstein has stated them in a number of publications 
during the last six years or so They may be expressed bnefly as follows 
(A) Field equations should give both matter and motion, (B) the geodesic 
postulate^ being redundant should have no place in the field theory, (C) the 
duality of the field energy and matter^ • being unsatisfactory the problem of 
gravitating matter should be solved without the use of an extraneous energy- 
momentum tensor such as T^, The three ideas are interconnected It is 
essential to understand them if the significance of the results arrived at in this 
paper is to be grasped 


A logical working out of these ideas which covers the entire domain of 
phenomena of general relativity is a definite advance over the latter theory 
inasmuch as a greater economy and generality are achieved in the choice of 
the number and nature of the basic postulates and hypotheses The solution 
of the problem of n bodies given in E I H is such a logical working out of 
the new ideas Thus the gravitational equations of motion are obtained 
purely from the field equations, 

( 1 ) 


the solution being subject to the condition that the space-time frame is flat 
at infinity. This method must be distinguished from the earher and unsatis- 
factory attempts of de Sitter, Levi Civita and Eddington and Clark* who had 
to use not only the more complicated equations, 

^ ■“ J GSnv “ (2) 

but the equations of geodesics also, viz., 


-w 


~as w 


-0 


(3) 
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(The equations so far written appear in the usual notation and therefore no 
attempt will be made to define the various symbols ) The latter procedure 
IS in contravention of Einstein’s ideas and it introduces the difficulties of 
infinite self-energy which are quite common in the quantum theories of funda- 
mental particles 

§2 The problem'^ that we take up is this Following the procedure of 
E I H one gets as a solution of (1), 

gfL, -- gftv (»li. Wa* »»».) (4) 

and the 3n equations of motion of the particles are obtained, those of mi 
being, say, 

/"•(mi, mi, m„)---0 m=l,2, 3 (5) 

For the line-element given by (4) we have the equations of geodesics which 
with the time co-ordinate r as the independent variable can be cast into the 
form 

(m„ nti, m„) = 0 m = 1 , 2, 3 (6) 

If we put mi == 0 in (5) 

mj, ..m„)--0 (7) 

are the equations of a particle of zero mass in the field of n — 1 particles If, 
however, the geodesic postulate were valid the required equations would be 

g*(0, mi, . mJ---0 (8) 

In general the two sets of equations, (7) and (8), would not be identical 
since the geodesic postulate has been weeded out as extraneous and unneces- 
sary in the treatment of E 1 H It is interesting to find out therefore at 
what stage the new equations of motion deviate from the geodesic postulate 
When the necessary calculations are earned out we discover the surprising 
result that the equations (7) and (8) are identical in form and content to the 
second order of masses, that is, as far as the right-hand side of (S) is computed 
m E I H , in the two-body problem Thus the geodesic postulate is found 
to be consistent with the equations of motion of the new theory at least over 
the first two phases of approximation What will happen at higher approxi- 
mations cannot be foretold without doing very lengthy calculations In what 
follows the consistency will be established and an explanation will also be 
provided how it arises 

§3 Consider* the flat Galilean space given by the matrices and 
whose principal diagonals alone have non-zero members, being 1,-1, 


* A full exponUon of E I H. will be found in the author’! p*pa referred to as (d) 
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-1,-1 in order x'’ is the time co>ordinate and x^, x*, x* are the space co-ordi- 
nates Throughout the rest of the paper the Greek indices such as fi and v 
refer to both space and time and run over 0, 1, 2, 3 while the Latin mdices 
such as m and n take on only the spatial values 1, 2, 3 The dummy-suffix 
convention is resorted to wherever possible to indicate summation. Thus 
for the Galilean space 

ds^ = i/x'* dx" ~ (rfx“)* — (rfx*)® — (</x®)* — (rfx®)* (9) 

Since the velocity of light is taken as unity in this it is convenient to use an 
auxiliary time co-ordinate r so that 


diA 



( 10 ) 


where ^ is a differentiable function of x^ and A is a small parameter This 
makes of the same order as a^i/Jix** 


The line-element of EinsteinV solution of the problem of two bodies of 
masses tni and m 2 runs as follows 


ds^ — dxi^ dx” ~ {%, + A^,) dx^ dx* 

(11) 

where, 





fm, m*y 



+ 0(A«), (12) 

1- f) + » W- 


(13) 

A* + 0 (A<) 


(14) 


In the above expressions stands for the Kronecker delta so that 


8»r« = 0 ,m= 56 » n 
=» 1, m — n 

Also 

ri««(x«-ir) 

r«,-(x*-f»)(x*»-r). 


[ (15) 

I (16) 


^ being the spatial co-ordinates of mj and m, respectively at time r. An 
overhead dot denotes a differentiation with regard to r. The metric (U) 
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satisfies the field equations (1) only if the six equations of motion for nti and 
nit satisfied Those for nti run as follows f 


+ [4 17 ^ (f - r) + 3 - 4 A (i/r,^ 

i w = 1, 2, 3. 

The equations of m 2 can be similarly written down by interchanging the 
mass'constants as also the co-ordinates The constant A* on the right-hand 
side may be absorbed either m m^ and m, which are just constants of integ- 
ration or by reverting to x” as the independent variable in place of r 


The equations of a geodesic are given by 


dx* dxP 
dir* ■*■ “? <& ds 


= 0 . 


(18) 


Taking r as the independent variable we restate (18) as 

A*Jt* +\*k" id*Tlds*)l(dTlds)^ + ^ + 2XX" T- + A* x*J» - 0 (19) 

The three equations (19) together with the equation supplied by the metric, 
wz., 

A* (dsidr)* = + 2 Kk" •+• A» xPx« (20) 

are equivalent to the four equations (18). From (19) and (20) one concludes 
that 

0* A*x**-i- rz+ 2Ajc« r*+ x'xpjct 
— A*Jc** * J ^ log (jgtt + 2 giu 4* (21) 

For the evaluation of the various terms in the last equation it is enough to 


note that 


(22) 

where 

A* = A* + —•) -b 0 (A‘), 

(23) 

A» rr+ i-) + 0 (A*), 

(24) 

3so. +^*) + 0 (^*) 

(25) 


t Theneutionistheumeuthatin Reference (Q, the ovarhesd indices befaig dropped for 
suOlm (IT) is the ssnw u (11 ■<?) of Reference 
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Thus 


Li»;c» jxmJ 

-A*-i 

~ >1 rj 

+ 0(A«), 

2 Ai" r*—2 AJc»» + + ^!1bo 


(26) 






XUW IS- A'jtw i j- 

- 2 A<..« i,^(»+'?;)- A.A..-j^(^-+^*)+ 0 (A.). (28) 
- i A*i* j log [g,+ 2g„ Aa,+ AV;0 g„l 


= - i A*»" X lo* (1 + *» - A'AAAA) + 0 (A*) 

--iA<A“^[-?i'-?~'-i>A>l+0(A*) (29) 


Making the necessary substitutions for the various terin»in (19) we get 

- ^ 2 ** »i(^+?)] 
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+ ^ ^•(•«'- S)] 

+ ?: «•) + +“<*•>• 

In simplifying (30) we note that 

ar, ar, 

St aiic^ ^ 

t)T® &X' ^ ^ bX^dXf ^ *■ 

4U?)-’'4>(?)=-nM"’) 

*(?) “(*'-i')il>(^‘) 

""4^ (”'+?) +“<« 

r- MkO 

So, on neglecting terms of the order of A* we get from (30) 

-A.{[*..-4*.«.+,rt-^:■-^:■-^i?]^(^•) 

+ [4 (,•- *«) + 3 


^ dx" 




(30) 

(31) 

(32) 

(33) 

(34) 

(35) 

(36) 

(37) 

(38) 

(39) 

(40) 
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+ [4 Q'» - Jc**) + 3 - 4 (^*) 


+ 


4 M l a 

Tj ’ bX^ 


/’'lA , 4^2 J /otA /&^A d /WA 

Vz-ia/ /-j bx" Vrjj/ * ^ Vdx^/ djc' \ri,y 


+ i 'Wi 3^^ 33^ ^ 


i”-©).US) 


If by changing the density of the first body we can make approximately, 
mi = 0, mjri - 0, Ji/Jijc* (Wi/rJ-^ 0 


r, = ri2 


we have 

and (41) reduces to 

^ -sf"(S) “ "■ ^’] »>(?!.) 

+ [4 X'») 4 3 4 


(41) 

(42) 

(43) 




(44) 


This IS precisely what (17) reduces to when Wj - 0 Hence the consistency 
of the new method with the geodesic postulate is established as far as this test 
goes We could have tested the consistency further by comparing (41) itself 
with the form of equations for m^ in the held of mi and ma, as given by the new 
method, when m, is negligible EIH does not given the three-body 
equations and we have therefore to be content with the companson afforded 
by the two-body problem As far as our calculations of the three-body 
problem go (41) is found to be consistent with the corresponding form of 
Einstein’s equations of motion 

§ 4 We will now proceed to consider how it is possible to reconcile the 
equations of motion obtained from 

Gny—0 

with the geodesic postulate The clue is provided by the identities, 

(G'‘'=-iGg#‘'),-0. (45) 

Certain functions (r) which enter the method of E I H have the property 

Ir k 

that when all Cm 0, G^, also tends to zero. If Cm 0 for one value of 
nt or k, Gfi, 0 also Now 

c«-o 


m-1,2,3 (46) 
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are the equations of motion of the i^th particle of the system m Einstein’s 
method Let us see how G^,, can be made to tend to zero so that when the 
mass of the /rth particle is zero (46) is consistent with the equations of geodesics. 
When Gf^r ^ 0 its value can be expressed in the normal form 

- Piv^v, - PiW^w, - (47) 

where is a timelike unit vector and and are spacehke umt vectors 

Also 

G — po + Pi + Pa + Pa (48) 

and == - (v,, V, + + x^x,) (49) 

The identities (45) now become 

{(Po-Pi-Pa- Pa) {Po-Pi + P*+ /»8) (Po + ft - Pi+ ft) + 

(ft+ ft + ft ~ PiJ = 0 (50) 

►O as p^ -*■ 0 (51) 

Hence (50) will reduce to the equations of a geodesic, 

(u% M' = 0 

I 

when along with p^ -»> 0 we have also 

{(ft "“Pi +P8 4-p3)r** V* + (Po +Pi —Pa -i-P a)H^W'* ’ + (pp 4- pt 4-p, — p,)x^x*’) y _ ^ 

{(ft-Pi-P«-P8)«’’}» • ( ) 

It IS not necessary that the conditions (52) will always be satisfied It is 
the special virtue of Einstein’s method that (52) is satisfied at least upto 0 (A*) 
Herein lies an explanation of the consistency with the geodesic postulate as 
discovered by us Incidentally it is of some astronomical Interest to observe 
that if the bodies of masses nti and ma are looked upon as the earth and the sun 
the equation (41) obtained by us gives the motion of the moon m the field of 
the others 

Summary 

We derive an equation (41) for the geodesics in the field of two bodies 
as given by Einstein, tnfeld and Hoffmann. It is shown that i^en mi ^ 0 the 
equation ^uces to that of the two-body problem (17) obtained without any 
reference to the geodesic postulate. This is the main result of the paper. 
Although Einstein’s new method of deriving gravitational equations of motion 
IS based on the field equations only we show how it can be consistmt with the 
geodesic postulate if the field tensor tends to zero in a particular manner. 
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Introductton 

In recent years the study of atmospherics has been made from several points 
of view The credit for starting a systematic study goes to Appleton, Watson 
and Watt (1923), who during their early researches recorded the wave forms 
of atmospherics with a cathode-ray oscillograph and classified them into 
aperiodic, periodic and quasi-pcriodic types It was also found that in many 
cases, the main structure of the atmospheric was supplemented by ripples of 
short duration 

Atmospherics and Lightning 

A study of lightning and its relationship to atmospherics has been made 
in great detail by several observers Besides studying the wave forms of 
atmospherics, Watt and Appleton have analysed some 1S,(X)0 directional 
bearings and located the regions from which atmospherics originate They 
found that 94% of the atmospherics could directly be associated with con- 
temporary rainfall areas, 35% located in front of cyclonic depressions and 
1 5% with thunder and lightning At about the same time, a detailed study of 
the sudden changes in the electric field accompanying a lightning flash 
was carried out by Appleton, Watt and Herd (1926) It was found that 
lightning discharges are capable of producing radiation fields similar in wave 
form and magnitudes to those of atmospherics of distant origin 

Schonland and Collens (1933), from a study of the photographs of 50 
separate lightning discharges from two thunderstorms, with the Boys* 
rotatmg lens camera, found that many apparently continuous discharges are 
made up of a number of discrete strokes varying in number from 1 to 12 
separated by short periods The majority of the strokes were found to be 
double and to consist of a dart-like, downward-moving leader stroke, followed 
immediately on arrival at the ground by a more intense flame-like, upward- 
moving main stroke It was further found that the duration of a complete 
lightning flash is often of the order of 1 second, although later observers give 
much longer penods Malan and Collens (1935) showed that each of these 
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strokes is composite consisting of a leader portion and the main stroke The 
leader to the first stroke consists of a series of streamers moving in a step by 
step manner (stepped leader) 

Appleton, Watson, Watt and Herd (1926) and Cairns (1927) and others 
who studied atmospherics with the aid of cathode-ray oscillographs give times 
of the order of milliseconds for the duration of atmospherics, while observ- 
ations made in Australia, using an ordinary tuned receiving set and recording 
the motion of the string of an Einthoven galvanometer on moving photo- 
graphic paper, have given durations ranging in most cases from 2 to S 
seconds Munro and Webster (1934) examined the wave form of atmos- 
phencs with an aperiodic receiver and a cathode-ray oscillograph with a time 
base of slower period ( I second) and found that an atmospheric really con- 
sists of a number of discrete pulses separated by clear intervals The sizes 
and separations of the component pulses were found to vary in an irregular 
manner and thus to give rise to the rough noises produced in a broadcast 
receiver 

The observations of Appleton, Watt and Herd were evidently made with 
such rapid time bases that only one of the constituent pulses was observed 
on each occasion With a tuned receiving set, and readmg with a galvano- 
meter with a relatively long period, the constituent parts of an atmospheric 
are merged together and the duration recorded is that of the whole succes- 
sion of pulses, 1 e , the duration as it would appear to a broadcast listener 

It was pointed out by the author (193S), as a result of preliminary investi- 
gations on atmospherics carried out with the aid of a receiver tuned to a 
wavelength of 400 metres and a galvanometer of period 1 second, that the 
records show certain thickenings (Fig 1) along the trace of the galvanometer 
motion The number of thickenings indicates the number of separate 
impulses received by the galvanometer in any given interval, and these could 
be arranged into groups taking into consideration the rate at which they 
succeed each other From Fig I which is an enlargement of a section of 
one of the records it can easily be seen that the total duration of each atmos- 
pheric appears to be about 1 /2 second, and the photographs show that the 
atmosphencs recorded have a number of components ranging from 4 to 12. 
Each of these constituent impulses may have a fine structure, which cannot be 
revealed except when examined with a cathode-ray oscillograph The dots 
may be considered as indicating the gross structure of an atmosphencand may 
be directly traced to the constituent strokes of a lightning discWge 

Norinder (1936) from simultaneous observations of atmosphencs with 
the aid of loud speakers of radio receiving sets and correspon^ng records 
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with cathode-ray oscillographs, found two characteristic forms of atmos- 
pherics in connection with thunderstorms (1) the ‘clicks’ singular, dis- 
charges of a comparatively short period ( up to 100 milliseconds) caused 
apparently by very short discharges within adjacent parts of a thundercloud , 
and (2) the ‘ grinders ’ consisting of repeated swarms of field variations 
extended over long intervals of time (200 to 400 milliseconds and in some cases 
even from 3000 to 4000 milliseconds) and caused by distant lightning discharges 
Appleton, Watt and Herd (1926) pointed out that the individual atmospheric 
wave forms were either of an aperiodic or quasi-periodic electric disturbance 
of duration 2-3 milliseconds High frequency ripples on the main gross 
structure were also observed and the interferent effects of atmospherics 
were attributed to such high frequency components rather than to the effect 
of the relatively slow mam disturbance 

Appleton and Chapman (1937), by studying atmospherics of known 
(thunderstorm) origin, with improved apparatus, have given a more satis- 
factory account of the high frequency components and a complete picture of 
the evolution of the atmospheric from the original disturbance and also a 
detailed description of the remarkable sequence of alterations of wave form 
with distance The analysis of radiation fields of atmospherics showed that 
the most frequent type is one with a single component, but after this the num- 
ber of components 2 or 3, 4 or 5, occur with decreasing frequency The ana- 
lysis of some thousands of records of the nett field changes due to lightning, 
vwth the aid of a string electrometer and later with a cathode-ray oscillograph, 
also showed that the most frequent type of discharge is one that takes place 
in a single step, but that the next most frequent number of steps is either two 
or three, double or triple discharges being equally frequent Further the 
records show tendency for the atmospheric to occur in groups corresponding 
to the time sequence of partial discharges of varying intensity 

Tt was also shown that with increasing distance the total duration of 
atmospherics appears to increase, the wave form becoming more regular and 
the high frequency ripples less prominent At a distance of about 200 kilo- 
meters the wave form of the atmospheric disturbance is determined practically 
entirely by the radiation field of the discharge At still greater distances a 
slow tail of about two rounded half cycles developed. 

Atmospherics and Thunderstorms 

In all the above investigations an attempt has been made to study the 
wave form, duration and its variations with distance of atmospherics and to 
correlate it with the detailed studies of lightning as the source of atmospherics. 
Lightning has its origin in the existence m the lower atmosphere of certam 
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special type of meteorological conditions There is no lack of evidence that we 
must look to thunderstorms upto very considerable distances as important 
sources of atmospherics A thunderstorm from the point of view of a meteoro- 
logist IS defined as a procedure in the atmosphere which is connected with 
disruptive discharges that ought to be visible or audible or both For their 
development, such discharges require charge accumulations and field forces 
along the discharge region, of dimensions which we are not yet able to repro- 
duce in the laboratory These accumulations of charges and the building 
up of strong fields are thus defined as a thunderstorm when lightning has 
occurred within the active regions of the atmosphere 

Observations on atmospherics with a narrow sector directional recorder 
by Munro, Wark and Higgins (1936) point to two main types of sources, 
which they classify as regular and irregular The regular ones are tropical 
thunderstorm areas and the irregular ones of lower activity are chiefly 
‘ frontal ’ thunderstorms, associated with cold fronts These authors 
consider atmospherics as valuable in weather forecasting 

Several attempts made to correlate the occurrence of atmospherics with 
weather conditions, to locate storm and thunderstorm areas with the aid of 
atmospherics have yielded very valuable information A large amount of 
work has been done by R Bureau and others (1926) who have reached the 
conclusion that atmospherics are the phenomena that best give evidence of 
the passing of a meteorological disturbance in tropical regions The other 
meteorological variables only indicate that passing in a much less regular 
manner Moreover they only give evidence of the meteorological disturbance 
when it has reached the observing station while atmospherics announce it 
some hours in advance 

It IS now generally agreed that the majority of atmospherics encountered 
in radio communication originate in lightning flashes, and the prominent 
source of the world’s supply at any hour lies in a land where it is summer 
afternoon (Watt, 1929) and India being one of the chief sources of atmos- 
pherics affords ample scope for study 

A study of atmospherics especially of their relationship with meteoro- 
logical conditions has been made by me for sometime past Pnor to these 
investigations I had noticed that at certain times of the year atmospheric dis- 
turbances were more intense on short waves than on the medium waves, 
although, as a general rule, atmospheric activity is very much greater on the 
medium waves, and further that the periods of maximum activity on the 
short waves did not always coincide with similar periods on the medium 
waves It was therefore expected that a study of these differences might 
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give a clue to the identification of particular types of disturbances with defi- 
nite types of meteorological conditions. 

Experiment 

General Plan of Experiment 

It therefore became necessary to take simultaneous records of atmos- 
pherics on two wavelengths, one in the medium wave band and another m 
the short wave band In order to determine the diurnal variation of atmos- 
pherics, the study had to be earned out throughout the day Continuous 
recording and the use of high speed recorders like the cathode-ray oscillograph 
were entirely out of the question on account of the high cost involved More- 
over the cathode-ray oscillograph is useful for the study of fine structure of 
atmospherics over short intervals of time and not well suited for the observa- 
tions required m the present investigation It was, therefore, decided that 
the study should be carried out with the aid of cheap and simple apparatus 
Two radio receivers, each tuned to one of the chosen wavelengths together 
with a moving coil galvanometer having a comparatively large period (about 
2 seconds) were employed, and the motion of the two spots of light reflected 
from the mirrors of the galvanometers were recorded photographically on 
bromide paper wound round a rotatmg drum 

In the place of continuous recording for all the 24 hours in the day, it was 
decided that sample records should be taken for about two minutes at inter- 
vals of one hour throughout the day The two minute records were, from 
previous observations made by the author (1935), found to be sufficiently 
representative of the atmospheric activity at that period An automatic 
device, details of which are given later, was constructed and used for making 
these records With its aid, the two wireless receivers, the two galvanometer 
lamps and the motor used for rotating the drum were switched on at intervals 
of one hour Records were then taken for about 2 minutes and the entire 
apparatus was switched off This procedure was repeated throughout the 
day Bromide paper of size 10* x 12* was employed, one half of it being 
used for the medium wave records and the other for the short wave 
records A sample record is given in Fig 2. The records, as explained earlier 
(Subba Rao, 193 5) give information regarding the gross structure of the atmos- 
pheric and It IS possible with their aid to identify the types of atmospherics 
described as ‘ clicks ’ and ‘ grinders ’ and to count the number of constituent 
impulses that make up any of the recorded atmospherics These details are 
clearly visible in the enlargement of a small portion of one of the records 
(Fig 1) taken during the preliminary work 
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In the course of this work on atmospherics a striking feature was noticed 
Atmospheric activity showed sudden increase after sunset To determine 
the precise nature of the effect of sunset, the records taken over a fortnight 
from 14th to 28th of August 1940, were analysed in detail The present 
paper discusses the results of this analysis. This particular period was chosen 
because atmospheric activity is generally very much lower than in summer, 
and the variation in atmospheric activity may be more clearly observed and 
their relationships to meteorological conditions more definitely established 

Apparatus 

The apparatus used in this investigation consists of two Pye 803 
5-valvc superhets with the AVC circuits put out of action One of these was 
tuned to a wavelength of 375 metres and the other to 37 5 metres Care 
was taken to see that there was no wireless station operating on these wave- 
lengths The outputs ol these receivers were shunted on to two moving coil 
galvanometers having periods of about 2 seconds As the atmospheric 
activity on medium waves was always greater than that on the short waves, 
only a fraction, approximately, 1/6 (4/25) of the output of the first receiver is 
connected to the galvanometer The galvanometers were sufficiently damped 
so that when the coils were displaced they returned to rest always before the 
completion of one oscillation This was found to be essential in order to 
prevent the free oscillations of the galvanometer from interfering with the 
records of atmospherics 

The rotating drum was driven by an electric motor geared down to the 
requisite speed After trying various speeds it was found that a speed 
corresponding to a traverse of the spot of light of 4^' per minute was found 
to be quite adequate for the purpose 

Estimates of tbe intensities of atmosphencs were made from the records 
on a scale of 5 When the atmospherics come in groups following each other 
in quick succession it is not possible to estimate the strength of the individual 
components of the groups and in such cases the throw of the galvanometer 
has been taken as representing the intensity of the group The number of 
components in any group could easily be counted from the records as each 
individual component of the atmospheric produces a slight thickening of the 
curve at the instant when it arrives as can be seen from Fig 1 

Automatic Switching 

The automatic switching was earned out with the aid of an ordinary 
clock regulated to keep correct time , a small circular ebonite disc (1 S cm in 
diameter and 4 mm thick) was attached to the minute hand spindle, A stnp 
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of brass A is embedded on the circumference of this disc and this 
strip is electrically connected to the spindle and through it to the body of the 
clock Pressing against this disc is another stnp of brass B insulated from the 
body By means of the spring C the pressure of the stnp B on the disc is 
maintained constant 

The body of the dock and the insulated strip are connected to two 
binding screws, H and K, to the ends of which the electrical circuit shown in 
the diagram is connected The circuit consists of 6 Leclanche cells in series 
with an electromagnet When the strip comes in contact with A, the electnc 
circuit IS closed and the magnet is energised The position of the disc on the 
spindle is adjusted so that A comes into contact with B when the minute hand 
is at 60 Thus this relay circuit is closed automatically at intervals of one 
hour The period for which the circuit is closed depends on the width of the 
brass piece A In the present arrangement it has been adjusted to a period 
of about 3 minutes The attachment of this device does not in any manner 
interfere with the normal working of the clock 

The energised electromagnet is made to close the main switch S, shown 
in Fig 3 A lever about 25 cm long is pivoted at O from an upright pillar 
Sis a spring whose tension can be adjusted with the aid of a screw I is a soft 
iron piece carried by the lever above the poles of the electromagnet The 
distance of this piece from the poles of the electromagnet can be altered by 
means of a screw not shown in the figure At the free end of this rod, hori- 
zontally and at right angles to it, is fixed an ebonite strip which carries at its 
ends a thick copper rod R bent into the form indicated When the electro- 
magnet IS energised, the rod is pulled down and closes the mercury switch Sj 
which consists of the two cups 1 cm deep scooped out of ebonite and 
three-fourths full of mercury These two mercury cups were connected in 
series with the mams 220 \ oils A C SO cycles To prevent sparking a 
suitable condenser is connected across these terminals 

As the receivers used in the present experiment were mains operated, 
with indirectly heated valves an interval of about 1 minute was required for 
heating the valves and bringing the sets into operation The galvanometer 
lamps and the motor for rotating the drum had to be switched on only after 
the lapse of this interval This delay was brought about by the introduction of 
a bimetal strip of brass and iron over which nichrome wire 26 s w.g was 
wound, necessary insulation being provided with the aid of thm mica sheets 

With the aid of a rheostat in series with the nichrome wire, the current 
through It could be regulated This circuit is connected in parallel with the 
wireless receivers and is closed by the switch Si. Whde the valves are getting 



The Effect of Sunset on Atmospherics 


203 


A C Mains 



heated, the bimetal strip bends downwards and closes and the other mam 
Switch Sa through the lever L The Switch Sa closes the circuit of (1) the 
motor geared down to the required speed for rotating the drum and that of 
(2) the primary of a filament transformer (230 V to 4 V) Across the second* 
ary of this transformer are connected two flash light lamps (3 5V) 
with spherical bulbs and each of these is fitted at one end of a narrow tube of 
brass (IS cm long and 1 cm in diameter as shown in Fig 3A) To the other 
end of the tube is fitted a cap with a narrow circular sbt With the aid of 
this arrangement a narrow beam of hght along the axis of the brass tubes 
IS obtained and this in conjunction with the galvanometer mirror is employed 
for photographic registration The image of the spot of light was finally 
sharply focussed on the drum with the aid of a convex lens (/ » 10 cm ) 
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Thus the recording apparatus was put into operation only about a 
minute after the receivers were switched on The total duration for which 
the mam switch Si is kept closed is 3 minutes and is controlled by the clock 
The time for which the record is taken is equal to the difference between the 
duration for which Si is closed and the time taken by the bimetal strip to 
close Sj Thus keeping the total duration constant, the duration of the 
records can be altered at will with the aid of the rheostat 

In order to prevent arcing it was necessary to make the bimetal strip 
operate Sj quickly This was made possible by using a bimetal strip 10' 
long and attaching to its end a brass rod 4' long This rod has to close S, at 
the end of one minute and to keep it closed for a period of about 2 minutes 
During this two minutes interval, the heater current is still on and there is 
a progressive bending of the bimetal strip which means that sufficient clear- 
ance has to be provided for the bending of the stnp even after the contact 
with the mercury cups of switch is made This led to several mechanical 
difficulties which were finally solved by the design of the apparatus indicated 
in Fig 3 A steel wire joined to the end of the brass rod after passing over 
two guide wheels was attached to a heavy brass grooved pulley running on a 
flat steel strip This strip was pivoted at its centre and its equilibrium is 
suddenly upset, when the grooved pulley goes beyond a particular position 
When this happens the switch is suddenly closed Further bending of the 
metal strip only pushes the grooved pulley to the right but that does not 
introduce any mechanical difficulties When Si is broken by the clock the 
current through the heater is switched off and the bimetal strip, the lever and 
the grooved pulley regain their original positions slowly and the above process 
IS repeated every hour The time taken by the bimetal stnp to cool is about 
8 minutes 

The Records 

A sample record is given in Fig 2 Only those atmospherics recorded 
on the medium waves from 9 hours on the I7th August 1940 to 13 hours on 
the 18th August 1940 are shown This includes the period represented by 
curve 9a The hours at which the records are taken are marked on the 
record A look at the plate gives a rough idea of how atmospheric activity 
vanes from hour to hour 

As pointed out in an earlier paper (Subba Rao, 193S) the kick of the gal- 
vanometer has been taken as a measure of the intensity of the atmosphencs 
and the number of atmosphencs (or atmospheric groups) reaching the 
observer in one minute could easily be counted. Although it was found 
convenient to plot the variations in the number of atmospherics received 
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per minute and in the intensity in the earlier investigation, a different proce- 
dure was adopted for the graphical representation of the results of the present 
investigation The sum of all the impulses received by each one of the gal- 
vanometers during one minute has been taken as the measure of atmosphenc 
activity and this quantity is shown on the Y-axis in the various graphs 

Records of the Atmospherics between the \4th and 2ith August 1940 

The ordinates indicate the times of the day at which the observations 
were made and the abscisss the corresponding activity The time correspond- 
ing to sunset is indicated by the thick dark line parallel to the Y-axis The 
time of sunset varied from 18 hours 30 minutes on the 14th to 18 hours 
22 minutes on the 28th As it is not possible to indicate these slight varia- 
tions on the graph, this line is drawn at 18 hours 24 minutes for the sake of 
convenience 

The thick line indicates activity on the medium waves and the 
thin line that on the short waves The scales marked are common to both 
the graphs It is however to be remembered that the curves do not represent 
relative activities on the medium and short waves as only a small portion (1/6) 
of the output of the receiver is coupled to the galvanometer in the first case 
and the entire amount in the other Since the object of these prehminary 
investigations was to study how the activities on the two wavelengths respec- 
tively vary from hour to hour, the plots of the indications of the galvanometers 
were considered quite adequate f^or the purpose and no attempt has been 
made to reduce them to a common scale of measurement 

Results 

As the activity of the medium waves forms the main subject of the study, 
the various records may be grouped as detailed below according to the effects 
observed on the medium waves before and after supset 

Group 1. — Records in which atmosphenc activity is practically nil 
before sunset, i.e, (at 18 hours) and rises very rapidly after sunset 
(at 19 hours). 

Group 2. — Records with zero activity before sunset , with slight nse 
after sunset; showing increase by larger steps later 

Group 3.— Those showing activity evoi before sunset and sli^t increase 
of activity after sunset. 

(jroup 4 —Those showing activity even before sunset but with a fall in 
activity after sunset. 

AS 
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Data relating to these records are abstracted m Table T 


Table I 





Activity on medium 




wave at 

Group 

Curve 

Date 



• 

No 


18 hours 

19 hours 


la 

20-8-40 

5 

80 

I 

(Fig 4) 

2a 

21-8-40 

0 

69 


3a 

23-8-40 

0 

51 


4a 

18-8-40 

4 

19 


5a 

19-8-40 

0 

12 

II 

(Fig 5) 

6a 

22>^-40 

0 

15 


7a 

24-8-40 

0 

13 

III 

(Fig 6) 

8a 

14-8-40 1 

10 

13 

9a 

17-8-40 

25 

45 

IV 

(Fig 6) 

10a 

15-8-40 

14-8-40 

44 

37 

11a 

32 

30 


The first column indicates the group into which the particular record is 
placed The second indicates the serial number of the curves in Figs 4, S and 
6 The third column gives the date on which the effect of sunset is discussed 
In the 4th and Sth columns are given the measures of total activity on the 
medium waves computed from the records of atmospherics as described 
earlier, at 18 hours an4 19 hours The sun sets at 18 hours 24 mmutes 

The Characteristic Features of the Effect of Sunset on the Members of the 
Various Groups. 

Group 1 -—This group consists of the records of atmospherics on the 
20th, 21 St and the 23rd August respectively As indicated by the curves in 
Fig 4 the activity at 18 hours is zero, on the 21st and 23rd and practically 
zero (actually S) on the 20th It will be noticed that starting with practically 
zero activity before Sunset, the activity rues to very large values, 80, 69 and 
51 respectively on the three days at 19 hours 
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The Trigger Action 

This sudden increase in activity within about half an hour after sunset 
reminds one of the Trigger Action in the Atmosphere described by Napier 
Shaw (1933) According to him two conditions have to be satisfied in order 
that a display of energy may occur automatically in the atmosphere This 
display takes the form of a thunderstorm The first condition to be satisfied 
IS the existence of a state of liability in the atmosphere caused by the estab> 
lishment of a thick layer in convective equilibrium This is brought about 
by the heating effect of solar radiation on land The other is the provision 
at the right moment of a sufficient quantity of air saturated with water vapour 
which is again brought about by the effect of solar radiation on water The 
combination of these two is not more usual than a violent thunderstorm 
which IS in many ways suggestive of trigger action 

When the thunderstorm commences atmospheric activity also commences 
and the measure of atmospheric activity will indicate the violence of the 
thunderstorm. From the data given in Table I, it is clear that the atmospheric 
or thunderstorm activity commences only after sunset and therefore it is 
very likely that it is the removal of solar radiation that operates the trigger. It 
is also reasonable to assume that there were in existence even before sunset 
conditions favourable for the starting of thunderstorm activity, the occurrence 
of lightmng and the generation of atmospherics, but that the presence of 
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solar radiation was exercising a restraining influence thui> preventing the 
starting of the thunderstorm When the sun sets, this influence is removed 
and the thunderstorm activity commences and quickly attains large magm- 
tudes even within the period of half an hour On this view, therefore, the 
effect of sunset may aptly be described as trigger action 

Effect of Sunset 

Although it IS not possible to say exactly how solar radiation is respons- 
ible for the restraining influence, the studies of Schonland ( 1932) m&cate 
that It IS to the ionising influence of solar radiation that we must look for an 
explanation Schonland has shown that a single lightning flash may easily 
discharge a cloud completely and that a fairly active cloud produces one flash 
every 20 seconds , which means that the cloud takes 20 seconds to recover 
Its original state of electrification He further finds that the recovery takes 
place so rapidly at the start, that if this rate continued, it would be able to 
restore the whole electrification in about 5 seconds The recovery curve, 
however, is found to be exponential and this suggests that the initial rate may 
remain constant, but that, as the cloud charges grow, effects occur which tend 
to dissipate them and which are proportional to the quantity of charge 
present at any time Thus at the moment just before a discharge most of the 
power of the machine is bemg expended in overcoming various leakage 
effects. 

On the above view it is quite easy to explain the restraining influence 
of solar radiation on thunderstorm activity and the generation of atmo- 
spherics. Solar radiation tends to produce a state of ionisation in the atmo- 
sphere and this state greatly augments the leakage effects referred to above 
Under the action of the greater leakage effects, it may happen that the field 
in the cloud never reaches the sparking value as long as the ionising influence 
of solar radiation is present With the setting of the sun this influence is 
removed, the trigger is pulled and the electrostatic field builds up quickly and 
lightnmg flashes occur and the regular thunderstorm commences 

Group 2 — ^There are four records in Group 2 Here also the tngger 
action is quite evident although the activity at 7 (19 hours) is very much 
smaller than in records in Group 1. It can easily be seen from the curves 
(Fig. 5) that the activity reaches quite large values, not soon after sunset, 
but a few hours later 

Groups 3 and 4— These consist of 2 curves each (Fig 6). Activity 
before sunset is common to all these days but the sunset has affected them 
differently. On the 14th and 17th the tngger action of sunset is still evident 
although It IS not so pronounced as in the records in the previous groups 



8 9 IS 
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On the ISth sunset brings about a reduction in activity, while on the 16th 
there is practically no change These two records therefore do not seem to 
indicate the normal effect of sunset which brings about an increase in atmo- 
spheric activity 

Analysis of Atmospherics according to Intensity 

This apparent discrepancy disappears when we consider the records 
from a different point of view The activity on the various days at the speci- 
fied times IS due to a certain number of atmospherics All of them naturally 
are not of the same intensity If we examine the distribution of the number 
of atmospherics according to their intensities we obtain an insight into the 
actual mechanism of the effect of sunset on atmospherics Such an analysis 
iS given in Table II 

Tabub II 
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The first column gives the date of the record, the second, the hour at which 
the observations have been made In the next four columns are indicated 
the number of atmospherics of intensities 2, 3, 4 and S respectively received 
during a total period of one minute The next two columns indicate the 
total number of atmospherics received in one minute which is simply the 
total of the numbers in the previous four columns The last column gives the 
total atmospheric activity which may be derived from the 3rd, 4th, Sth and 
6th columns in the following way Taking for example the observations 
on the 1 Sth at 20 hours, there are 5 strokes of intensity 2 , 3 of intensity 3 and 
2 of intensity 4 The total number of atmospherics received per minute 
therefore is - 5 + 3-f- 2- 10 The activity which has been defined earlier 
as the sum of the intensities of all the atmospherics received in a minute equals 
(5 X 2)-l- (3 V 3) + (2 X 4) = 27 These numbers 10 and 27 are entered 
in columns 7 and 8 respectively 

General Characteristics 

An examination of Table II brings out certain definite characteristics 

1 Trigger Action — The effect of sunset is in all cases to bring about 
an increase in the number of atmospherics received per minute as well as in 
the total atmospheric activity This is clearly indicative of the trigger action 
referred to earlier The increase is observed to be very great on those days 
included in Group I , less for those in Group 2 and very small for those in 
Group 3 In the cases included under Group 4 there is slight decrease, which 
means that the effect of sunset appears to bring about a decrease in atmo* 
spheric activity 

2 The Progress of a Thunderstorm — ^It will also be noticed that at the 
commencement of the storm initiated by sunset a number of atmosphencs of 
low intensities (2 and 3) are observed It is therefore quite reasonable to 
assume that lightning flashes are of small magnitudes and they are probably 
flashes which it is not easy to observe from the ground In some cases atmo> 
spherics of low intensities are accompanied by atmospherics of larger intens- 
ities also ; but generally the atmospherics of small intensities are more numer- 
ous than those of large intensities. With the progress of the thunderstorm 
there come into existence relatively more and more atmospherics of larger 
intensities, while those of smaller intensities become relatively few This is very 
strikingly illustrated by the data included under Group 1. Curves 1, 2, 3 and 
9 show that in these cases there are a considerable number of atmospherics 
of larger intensities even at 19 hours The presence of atmospherics of large 
intensities even at 19 hours, about half an hour after sunset, is indicative of 
the existence of a special set of conditions m the atmosphere, and it seems to 
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be connected with the sudden rise in atmosphenc activity between 18 and 19 
hours which is characteristic of the members of this group These special 
features are discussed in detail later When the thunderstorm has commenced. 
Its progress takes place in the manner described above There is an 
increasingly greater number of atmospherics of large intensities with a 
corresponding diminution of those of smaller intensities 

This appears to be the normal method of development of a thunderstorm 
or atmospheric activity, i e , commencing with a large percentage of atmo* 
spherics of low intensities, the emphasis shifts to those of large intensities. 
In all the above-mentioned cases the initiation of the storm is by the settmg 
of the sun It will be interesting therefore to consider the progress of a 
thunderstorm which takes place during the day Such an example is afforded 
by the activity on the 16th There was severe thunderstorm activity between 
IS and 18 hours on this day The analysis of the number of atmospherics 
according to intensities between IS and 24 hours is given in Table III. 

Table III 


Classification according to Intensities of Attmsphencs between IS and 22 
Hours on the \(>th August 1940 



The data may be divided into two sections The first section refers to 
the period IS- 18 hours As indicated by curve 4 in Fig S this corresponds 
to the evolution of the peak activity of 82 at 16 hours; at 16 hours the mam 
body of atmosphencs are of intensity 3 , at 17 hours they are distributed 
among intensities 3 and 4 in the ratio of 9 : 12 ; at 18 hours, it is to be noted 
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that the main body of atmosphencs has again shifted to lower intensities 
By 18 hours the atmospheric activity has come down from 73 to 32. 

The second section refers to the period 19-22 hours This corresponds 
to the development of the peak activity of 124 at 20 hours Here again it is 
noticed that nearly 2/3 or 67% of the atmosphencs are confined to intensity 3 
While at 20 hours 70% are of intensity 4, at this time there have also dev- 
eloped atmospherics of intensities 5 and 7, and there are no atmosphencs of 
intensity 2. At 21 hours there is a tendency for the development of atmo- 
sphencs of lower intensities and once again we find as at 22 hours, that 30% 
of atmospherics are confined to intensity 2, 50% to intensity 3 and only 20% 
to intensity 4 By this time the atmospheric activity has come down in 
magnitude from 124 to 41 

In Table IV are given the contnbutions to the total activity obtained 
from atmosphencs of various intensities Next to each number the percentage 
contribution is indicated in brackets 

Tabie IV 


Classification of Atmospherics between IS and 22 Hours on the \6th August 
1940, according to their Contribution to Total Activity 



This brings out more clearly the characteristics, not only of the process 
of building up of a thunderstorm as evidenced by the study of atmosphencs 
but also the process of decay The process of building up is accompanied by 
larger percentage contributions to the total atmospheric activity from atmo- 
spherics of higher intensities. The decay is evidenced by a decrease in this 
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percentage and a corresponding increase in the percentage contnbution from 
atmospherics of lower intensities 

Tt IS also noticed from Table II that at certain periods there is practically 
no change in atmospheric activity or a slight decrease but that later the 
activity suddenly increases Two such cases are discussed here as typical 
examples 

The first example is taken from the 16th As seen from Table IV, on 
the 16th between 18 and 19 hours there has practically been no change in 
activity (32 and 30) in spite of the fact that sunset occurred during this 
period This seems to be contradictory to the invariable effect of sunset on 
atmospherics already described But a little consideration shows that such is 
not the case 16th is an exceptional day, thunderstorm activity reached a 
peak at 16 hours and from that time there has been a reduction m activity 
At 18 hours activity is only 32 The first part of the Table shows that there 
IS a tendency for atmospheric activity to decrease further but as actually 
observed there has been no change We may therefore look upon sunset as 
being responsible for the preventing of a further decrease in atmospheric 
activity and also for providing the necessary conditions for bringing once 
more into being activity which attained a peak value at 20 hours 

The second example may be taken from the data for the 14th given in 
Table II It is noticed that between 20 and 21 hours the atmospheric activ- 
ity has remained unchanged , but the distribution of the number of atmo- 
spheric according to intensities is 10, 3, 2 at 20 hours , 6, 6, 2 at 21 hours 
clearly indicates that there is a tendency for atmospheric activity to increase 
As can be seen from Fig 6, curve 1 1 a, there has been a gradual increase in 
activity through the night, the peak intensity being attained at S a m 

3 Short Wave Activity Preceding Activity on the Medium — From 

an examination of curves 1 , 2 and 3 (Fig 4) it will be noticed that there is 
considerable atmospheric activity on the short waves during the afternoons, 
this being the strongest on the 20th, less on the 21st and least on the 23rd. It 
IS also interesting to note that the atmospheric activity at 19 hours on the three 
days in Group 1, is also in the same order 80 on the 20th, 69 on the 21st and 
SI on the 23rd These facjts taken together seem to suggest that probably 
the two phenomena are interrelated, the short wave activity being an indica- 
tion of the coming into existence of conditions preparatory to the onset of a 
thunderstorm Unless such conditions are already present before sunset, 
the trigger action of sunset described above may not give nse to such 
pronounced atmospheric activity 
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The conditions preparatory to the occurrence of hghtning in a thunder- 
cloud are the building up of powerful electric fields and the storing up of 
large quantities of ciecti icity The electric field strength at which the spark 
which we call hghtning takes place in air at ordinary pressure is 3O,C0O volts 
per centimetre In a thundercloud the pressure is lower and the presence of 
small drops of water introduces a new and important factor 

The building up of these high potential is explain'’d in different ways by 
Wilson and Simpson (1920 and 1927) \ccording to Simpson the genera- 
tion of electricity is due to the disruption of ram drops by an air current 
stronger than it could face without instability On this hypothesis the orders 
ot magnitude of the meteorological and electrical quantities involved are 
shown to be in accordance with the observations of Schonlard and Craib 
(1927) in South Africa 

Macky (19331 as a result of investigations on the deformation and break- 
ing up of water drops in strong electric fields, found that when exposed to 
increasing fields a drop of radius r becomes elongated until at a definite field 
strength, given m volts/cm by FV'" =-3875, it becomes unstable and fila- 
ments are drawn out from the ends When instability occurs a discharge 
passes through the drop in exactly the same manner as it would through a 
conductor pointed at both ends The removal of water by the formation of 
filaments sets a limit to the size ol the drops which can exist inside a thunder- 
cloud Macky concludes that no drop larger than 0 IS cm in radius can 
exist in the fully charged cloud and that the critical value of the field at 
which a breakdown occurs is of the order of 10,000 volts/cm The splitting 
up of the drops and the building up of the high potentials thus seem to be 
accompanied by the occurrence of small local sparks 

The mechanism suggested by Wilson as the cause of the opposite charges 
on large and small drops depends upon the presence in the cloud of a num- 
ber of slow ions In the earlier stages of development of a charged thunder- 
cloud these may arise from natural sources, but later on they will be supplied 
in numerous numbers by brush discharges from water drops drawn out by the 
field into pointed forms (Schonland, 1932) 

Starting therefore with a cloud having large drops, the occurrence of 
these local sparks indicate that the charge and potentials are building up 
rapidly. As was pointed out by Larmor (1938), the lightning discharge in 
a thundercloud could be expected to begm at a place of maximum electric 
force (not potential) and to force its way through the atmosphere without 
tearing it, initially along the direction of the force 
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Further according to Clark Maxwell, in an electrostatic field the force 
cannot be a maximum in free space He therefore concludes that discharges 
must be initiated most probably within the thundercloud. Thus the spark 
and brush discharges referred to above might prepare the way for the occur- 
rence of lightning flashes in very small regions of the thundercloud, flashes of 
such small magnitude, compared with those met with in a regular thunder- 
storm, that they cannot be observed from the ground either visually or with 
the aid of a camera 

These flashes however may give rise to atmospherics Norinder (1936) 
IS of opinion that some types of atmospherics specially those classified as 
“ clicks ” have their origin from field variations caused by such local sparks 
and brush discharges It is very likely that these atmospherics have 
characteristics diflerent from those ordinarily radiated from lightning 
during thunderstorms 

Simpson (1929) suggested that there can be httle doubt that the resist- 
ance of a fully developed lightning channel when most highly ionised may 
well be less than the critical value and the channel therefore able to oscillate 
These oscillations are superposed on the mam current The thundercloud 
Itself has distributed capacity and inductance and it is reasonable to assume 
as Laby Nicholls, McNeil and Nickson (1940) have done that the electrical 
discharge which radiates an atmospheric is a damped oscillation with a 
period determined by the instantaneous resistance, inductance and capacity 

As pointed out by Lutkin (1939) the resistance increases as the channel 
ionisation decreases, while capacity to earth and also inductance increase 
as the length of the channel increases In the case of the local discharges 
referred to above, we might suppose that in view of the smallness of the capa- 
city and inductance involved that the atmospherics which arise from these 
discharges are likely to be more prominent on the short waves From curves 
1, 2 and 3 (Fig 4) it is seen that in the afternoon of the 20th, 2Istand 23rd 
there is considerable activity on the short waves, with nothing at all in the 
medium waves Takmg along with this the fact that the trigger action of 
sunset IS most pronounced on these days, the short wave activity may be con- 
sidered as indicative of the building up of the conditions in the atmosphere 
necessary for the onset of a powerful thunderstorm The onset is however 
prevented as explained earlier by the lonismg influence of the sun, so tha^ 
when the sun sets the storm bursts with all its violence 

If this view be correct, we must expect the settmg of the sun to bring 
about a type of distribution of the number of atmospherics according to inten- 
sity on the 20th, 21st and the 23rd which is difibrent from that observed 
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previously. The data abstracted here for convenience will illustrate this 
difference 

Table V 


Classification of Atmospheric on the 20th, list and 23rd August 1940 
according to Intensity 


Date 

Hour 

No of atmospherics of intensities 

No of 
Atm /mm 

Atmospheric 

activity 

2 

3 

4 

5 

20 

18 

1 

1 



2 

5 

1 

19 

12 

8 

8 


28 

80 


20 

7 

9 

7 


23 

69 

21 

18 








19 

12 

1 

11 

3 


26 

69 


20 

5 

13 ; 

9 

3 

30 

lot 


21 

4 

9 

I 

8 

9 

30 

112 

23 

18 




i 




19 

15 

3 

3 


21 

• 51 


20 

9 

2 

4 


15 

40 


On the 20th just after sunset there are not only 12 atmospherics of inten- 
sity 2 but also 8 of intensity 3 and 8 of intensity 4 This is very unusual but 
later on with the progress of the storm the percentage of atmospherics of 
larger intensities increases with a corresponding diminution of those of smaller 
intensities. 

The presence of a large number of atmospherics of large intensities is 
suggestive of the existence of a previous state of preparation and according 
to the explanation given above, this is clearly in^cated by the short wave 
activity before sunset on these days 

The presence of the large number of atmospherics of intensity 2 (12 on 
the 20th and 21st, and 15 on the 23rd indicate that atmospheric activity is not 
confined to the particular centre which has already been prepared, but that 
there are other centres brought into action by the effect of sunset. The 
experimental results obtained by Scbonland (1938) show that successive 
multiple lightning strokes may arise as a result of the mdstence of separate 
generating centres at different places withm the doud and that we can assum e 
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that these larger thunder clouds may be expected to possess several such 
generating centres When once such activity has been initiated, we find that 
as long as the activity is increasing there are a larger percentage of atmo- 
spherics of greater intensities as pointed out earlier 

It IS quite clear from the above that on certain days atmospheric activ- 
ity reaches very high magnitudes even after a short duration of half an hour 
from sunset This building up of atmospheric activity to high magnitudes 
m such short periods leads to the conclusion that the setting of the sun acts 
like a trigger Atmospherics are due to lightning flashes accompanying 
thunderstorms Even when the meteorological conditions are favourable 
for the occurrence of a thunderstorm, still the storm itself does not usually 
commence until after sunset The solar radiation by augmenting the leakage 
effects inside a thundercloud, prevents the attainment of the necessary critical 
potentials for the passage of the lightning flash When sunset occurs, this 
restraining influence is removed and the thunderstorm bursts with all its 
violence The evidence for the existence of these conditions appears to be 
indicated by the appearance of atmospherics on the short waves a few hours 
before sunset The study of the activity on short waves therefore seems to 
provide information regarding the preparation of the atmosphere for the 
onset of a powerful thunderstorm a few hours before its actual occurrence 
and thus gwes advance information about the meteorological condition of the 
atmosphere 

At the commencement of atmospheric activity it is usual to find a large 
percentage of atmospherics of low intensities and sometimes practically none 
of higher intensities But in some cases a large number of atmospherics of 
higher intensities appear along with »hose of lower intensities These seem 
to indicate that necessary conditions have already been built up and that 
atmospheric activity has been prevented from occurring by the action of solar 
radiation Sunset therefore brings about atmospherics with large intensities 
As these occurred only on those days when atmospheric activity on the short 
waves was noticed during the previous afternoons, this lends additional 
support to the view that the study of activity on the short waves will be able 
to provide useful advance information regarding the meteorological condition 
of the atmosphere 

Thus It IS evident that the study of atmospheric activity on the short 
waves simultaneously with those on medium waves will give results which 
would supplement each other and provide the necessary basis for coirelatmg 
the nature of the observed atmospherics with meteorological conditions, 
which IS the mam purpose of the present investigation. The data collected 
during the half year July to December 1940 are being examined and the rwults 
will be pubhshed later 
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A study of the curves reveals further that on those days on which the 
trigger action of sunset is most pronounced, the peak activity is reached very 
early in the night (about 8 pm), whereas on those days on which the tngger 
action of sunset is not so pronounced, the rate of growth of thunderstorm 
activity IS slow and the peak activity is attained very much later in the night 
(between 10 pm and midnight) 

Atmospherics and Meteorological Depressions 

Before concluding, a few observations may be recorded which, though 
they have no direct relation to the subject of the present paper, are likely to 
be of some importance to the mam object of the investigation It will be seen 
from the curves given in Figs 4, 5 and 6 that atmospheric activity has been 
most intense at particular times on particular days Observations made by 
the “ Challenger” showed that the frequency of thunderstorms at sea had a 
pronounced maximum between 2 pm and 4 am, while the occurrence of 
lightning only showed a maximum between 8 pM and 10 pm Over land, 
heat thunderstorms occur during the afternoons but certain types of thunder- 
storms associated with the line of separation between warm and cold current 
show no preference to any hour of day or night 

Maxima of atmospheric activity on the medium waves are attained in 
the early morning on the following dates 15, 16, 18, 21 and 24 On most 
of these days, however, there has been practically no activity on the short 
waves But from the afternoon of the 20th till the morning of the 22nd there 
has been almost continuous short wave activity Whether this prolonged 
activity on the short waves is indicative of “the unsettled condition off the 
Circars’ coast ”, reported in the Indian Daily Weather Report dated 19th 
August 1940, and whether the occurrence of a peak activity on the medium 
waves in the early hours of the morning of the 21st along with severe short 
wave activity is indicative of the fact that “ the unsettled conditions off the 
Orissa Coast developed into a depression”, as reported m the Indian Daily 
Weather Report of the 21 st August 1940, is a matter which requires to be 
studied in detail Further data are being collected and results will be published 
in due course 

Summary 

The paper describes the results of observations on the nature of the Effect 
of Sunset on Atmospherics An automatic device specially constructed for 
the purpose was employed and with its aid, records of atmospherics on two 
wavelengths (37 5 metres and 37S metres) were taken for about two 
minutes at mtervals of one hour throughout the day. 

The study has brought to hght certain mteresting features diaracteristic 
of the period of investigation, which attended for a fortnight in the monffi of 
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August 1940 and showed active monsoon conditions, partitulaly between the 
the 1 1th and the 26th, in the Peninsula, the central parts of the country and 
North West India {India Weather I{eview\ August 1940) 

It IS pointed out that (1) the effect of sunset on atmospherics is that of 
Trigger action, (2) the study of atmospherics can give advance information 
regarding the preparation of the atmosphere for the onset of a powerful 
thunderstorm and (3) prolonged atmospheric activity on the short waves 
appears to be connected with the formation of meteorological depressions 

My thanks are due to Dr S Ramachandra Rao, d sc (London), Professor 
of Physics, for helpful suggestions and criticism My thanks are also due 
to Mr M V Subrahmaniam, mechanic of the Department of Physics, for 
very valuable help in designing and constructing the automatic device 
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1 Introdtu (ton 

Fhl phenomena of internal and external conical icfraction in biaxial crystals 
predicted by Sir William Hamilton and observed by Humphrey Lloyd are 
amongst the most beautiful and striking effects arising in crystal optics 
Following Lloyd’s original experiments these phenomena are usually exhi- 
bited with aragonite, a polished plate of this crystal suitably mounted between 
apertures and a viewing lens being employed for the purpose The angles 
of internal and external conical refraction in aragonite are however small, 
(X - 1° 52' and T 42' respectively), and the use ot other crystals, eg , 
tartaric acid with X — 3' 54' and i(i 3 58', and of sulphur for which 
X — T ir and </> — 7' 33' has thcicfore been sometimes suggested It may 
be pointed out, however, that oiganic crystals of the aromatic class are 
specially suitable for the purpose Naphthalene, in particular, exhibits 
birefringence in an exceptional degree, having as its principal indices 1 525, 

1 722 and 1 945 respectively for A = 5461 A and its conical angles (X — 13° 44' 
and 0—13^51') are enormously larger than in aragonite Laigc single 
crystals of naphthalene can easily be prepared (Hilmi-Benel, 1940 , Nedungadi, 
1941), and the substance is thus well suited for exhibiting the optical charac- 
ters of biaxial crystals and especially conical refraction in a striking way 

It may be remarked that apart from the purely geometrical aspects of 
optical theory illustrated by the Hamilton-Lloyd experiments, certain physical 
aspects of the propagation of light in biaxial crystals arising in conical refrac- 
tion are of great interest One of these is the enormous concentration of 
energy which occurs along the axis of stngle-ray velocity within the crystal 
and along the axis of the cone of external refraction outside it (Raman, 
1921 , Raman and Tamma, 1922) The converse phenomenon associated 
with internal conical refraction has long been known and is referred to in 

* A pitluninary note on this subject appeared m Nature of the 1st March 1941 
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the literature as the Poggendorlf dark circle This was explained by Voigt 
(1905) as due to the attenuation of the energy of the incident pencil which 
occurs in single-wave propagation within the crystal Both of these pheno- 
mena are well shown by naphthalene and in such manner as to bring out 
clearly their theoretical significance 

Conical refraction is often studied by viewing an illuminated pin-hole 
in focus through the crystal plate with a microscope or magnifying lens. 
It IS generally supposed that what is then seen is internal conical refraction 
That this IS not quite correct was long ago pointed out (Raman, he cit ), 
but the matter was not then adequately discussed Since the illuminated 
pin-hole is usually held close to the crystal and is backed by an extended 
source of light, the beam of light entering it is not restricted to any particular 
direction, and the effect observed is not therefore ascribable to internal 
conical refraction Neither would it be altogether correct to ascribe it to 
external conical refraction , for, though with the pin-hole close to the crystal, 
a cone of light is incident on its first surface, no aperture limits the exit of 
the light from the second surface as in the Lloyd experiment The focussed 
image of an illuminated pin-hole as seen in the microscope through the 
plate of crystal is formed by the entire bundle of rays issuing from the 
pin-hole and passing through the crystal and is thus a phenomenon dis- 
tinct from either internal or external conical refraction, though related to 
both As will be shown in this paper, the form of this image is determined 
by the curvature properties of the wave-surface in the crystal in the vicinity 
of the conical points It is specially worthy of remark that when the 
microscope is focussed on the second surface of the crystal and not on the 
illuminated pm-hole, we see in the field of view an illuminated picture of the 
two sheets of the wave-surface, the conical point where they meet appearing 
as an intensely luminous centre, and the circle of contact with the tangent 
plane appearing as a dark ring (Fig 7 in Plate X) 

2 Preparation of the Specimen 

A clear block of naphthalene can be grown by slow crystallization from 
a melt Pure naphthalene redistilled several tunes is collected in a pyrex 
glass tube of about half-an-inch diameter, with its lower end drawn out 
tapering to a sharp point The tube is suspended in a vertical furnace 
kept at a temperature from 10° to 15° C above the melting pomt of 
naphthalene and gradually lowered out of it automatically by clock- 
work mechanism Crystallisation starts at the tapering end of the tube and 
develops upwards By proper control of the temperature of the furnace 
and of the rate of lowering of the tube, it is possible to get clear flawless blocks 
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of the single crystal of any desired length It is removed from the container 
by momentarily heating the walls of the glass tube to a high temperature; 
the portion of the crystal in contact with it then melts and the crystal 
slips out 

As the crystal blocks prepared in this way do not possess any natural 
faces, advantage is taken of the fact that the axes of the optical and magnetic 
ellipsoids of the crystal loughly coincide to determine their orientation 
The three magnetic axes of the crystal block may be determined by marking 
Its preferred orientations in a strong magnetic field with different modes 
of suspension The crystal block may be then cut with faces making any 
desired angle with these axes To exhibit conical refraction, the naphthalene 
block should have its faces approximately normal to one of the primary 
optic axes, these being inclined at 42° to the acute bisectrix of the angle 
between them For mounting the cut crystal, a flat surface is first ground 
and then quickly pressed on to a microscope cover slip kept at a temperature 
of about 40° above the melting point of naphthalene The crystal face melts 
and wets the glass plate and immediately cools, thus resolidifying the 
melted layer as part of the single crystal in addition to making good optical 
contact with the glass The second face of the plate is then treated in the 
same way An alternative method of mounting is to grind the surfaces of 
the block smooth on a ground glass plate and then to polish them by rubbing 
quickly on a soft cloth stretched over a glass plate and moistened with 
a drop or two of xylene Thin microscope cover clips may then be stuck on 
the faces with Canada balsam The mounted crystal may be conveniently 
fixed on a disc of aluminium having a central opening 

3, Method of Observation and Results 

The angles of conical refraction in naphthalene are so large that with 
a fairly thick piece, the phenomena can be seen directly with the simplest 
possible arrangements For a critical study of the effects, however, and 
especially for securing satisfactory photographs, it is convenient to use a 
microscope with a revolving and centering stage and a Federov universal 
stage attachment on which the crystal plate is placed so that it can be tilted 
and set with its optic axis accurately parallel to the axis of the microscope 
A low'power objective and a high>power ocular should be employed so 
that, for the same effective magnification, the largest working distance be- 
tween the upper surface of the crystal and the objective of the microscope 
can be secured For observing conical refraction under the microscope, 
a relatively thin plate of naphthalene (say two to three mdlimetres thick) 
is quite suitable It is easy with these arrangements to photograph the cone 
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of external conical refraction and the cylinder of internal conical refraction 
outside the crystal in the manner of the Hamilton-Lloyd experiments It 
IS also possible to examine the relationships between these effects and the 
nature of the optical images obtained when a poinl-sourie of light is viewed 
through the crystal cither in or out of focus 

Figs 1-4 in Plate IX and Figs 5-8 in Plate X reproduce a series 
of photographs obtained with the microscope camera attachment to illus- 
trate the phenomina of conical refraction in naphthalene, the monochromatic 
green light A 5461 A of the mercury arc being employed to avoid all disturb- 
ances due to chromatic aberration or dispersion Fig 1 shows the hollow 
cone of external conical refraction as seen above the crystal , to photograph 
this, both the upper and lower surfaces of the crystal are covered up except 
for small apertures situated at the ends of the axis of single-ray velocity, 
the lower aperture being illuminated by a convergent pencil of light Fig 2 
shows the cylinder of internal conical refraction seen outside the crystal 
when a parallel beam of light is incident in the direction of the optic axis 
on the lower face of the crystal , to observe this, the lower face is covered 
by a screen with a small aperture and the second face is left uncovered 
Figs 3 and 4 in Plate IX and Figs 5, 6, 7 and 8 in Plate X reproduce 
a consecutive senes of photographs of a point source of light held close to 
the first surface and viewed through the crystal , Fig 3 is the image seen in 
focus, while the other photographs in the series are ultra-focal images 
obtained when the microscope objective is gradually drawn away from the 
crystal As already mentioned m the Introduction, Fig 7 is the ultra-focal 
image of the point source of light obtained when the microscope is focussed 
on the second surface of the crystal Fig 8 is the ultra-focal image obtained 
when the microscope is still further drawn up In obtaining this senes of 
six pictures, the source of light was an extremely fine hole (1 /t in diameter) 
in an aluminium foil covering the lower surface on the crystal and illuminat- 
ed by a convergent beam of light, while the second face of the crystal was 
left uncovered The extreme sharpness of the circulai ring seen in Fig 3 
IS particularly significant. It is noteworthy also that the so-called Poggendorff 
dark circle does not appear in the focal image of the point source and develops 
only in the ultra-focal images The extremely bright point seen at the centre 
in Fig 7 (as also in Fig 8 and very feebly in Fig 2) is a noteworthy feature 
This bright point in the ultra-focal image coincides with the end of the axis 
of single-ray velocity meeting the second surface of the crystal This is 
shown by the fact that the second aperture for observing the cone of external 
conical refraction above the crystal (Fig 1) has to be placed exactly at the 
same point so as to admit the light passing through the crystal It is 
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evident from the senes of pictures that the axis of smgle-ray velocity 
and the conical point on the wave-surface are loti of intense concentration 
of energy within the crystal, while the circle of contact where the wave-surface 
touches the tangent plane is a locus of vanishingly small energy 

4 Image Formation with a Biaxial Crystal 

It IS well known (Stokes, 1877 and Walker, 1904) that the image of a 
point source of light seen through a crystalline plate exhibits astigmatiim, 
being drawn out into a line perpendicular to the plane of principal curvature 
For a biaxial crystal there are, in general, no fewer than four distinct posi- 
tions of best focus determined by the orientation of the plate and by the 
piincipal radii of curvatuie of each of the two sheets of the wave-surface 
In our present problem, we aic concerned with the curvature of the wave- 
surface in the vicinity of the conical point and especially along the circle 
of contact with the tangent plane At the conical point, one of the principal 
radii of curvature for each of the two sheets of the wave-surface vanishes, 
while the other two radii arc 

Pi = b and pi -- (a* | r* — b^)^'*lac 

At points along the circle of contact, one of the principal radii of curvature 
of each of the two sheets becomes infinite, while the other radius of 
curvature is 

p-b (a*- r*) (r*- r*) / (a® — 6*) (c*— ft*), 

r being the length of the line joining the origin with any specified point 
on the circle of contact At the two points where this circle cuts the circular 
and elliptic sections of the wave-surface respectively, the radii of curvature 
are 

pf- b and p^—b^lah^ 

In the case of naphthalene, b* and ac are practically identical, as is 
readily seen from the numerical values of the principal refractive indices 
As a consequence of this, also, the angles of internal and external conical 
refraction are practically identical Hence, while one of the principal radii 
of curvature of the wave-surface is infinite along the circle of contact, the 
other radius of curvature is practically constant and equal to b at all points 
on the circle and changes only slowly as we move away from the circle along 
the wave-surface either towards or away from the conical point. Accord- 
ingly, the astigmatism of the rays emerging from the plate results in an 
exceptionally simple form of the image, namely a sharply focussed 
circular ring having the same diameter as the circle in which the 
wave-surface makes contact with the second surface of the crystal. 



lecessarily alters continually. The rays reaching the upper surface of 
stal within the circle of contact bend inwards, while those outside the 
»end outwards, a gap appearing between them owing to the vanishing 
ty at points along the circle. The rays that bend inwards appear 
1 rapidly in intensity as they approach the centre of the field; the 
ippears as a luminous point from which the rays appear to diverge, 
he focal plane of the .microscope coincides with the upper surface of 
/stal. 

1 C radiations from the point source entering the crystal may be regarded 
assembly of plane waves with coherent phase-relationships crossing 
ther at that point. Entering the cry.stal, their directions of travel are 
, and the resultant distribution of the energy stream within the 
is determined by their superposition. Along the axis of single-ray 
y, the lines of energy How of numerous sets of plane waves coincide 
e density of the energy How is therefore a maximum on this line. On 
icr hand, along the so-callcd cone of inner conical refraction, the 
-How of a single set of plane-waves is divided up and the energy 
; therefore a minimum. Since the disturbance emerging from the 
is determined by the superposition of the plane waves refracted out 
t, the energy flow outside would be closely related to the special 
Icr of the energy flow within the crystal. Actually, the bright spot 
centre of the field may be traced for a great distance outside the 
. The bright spot is, in effect, a spectral image of the original point 
its position varying with the wave-length of the light used (Raman 
imma, loc. cii.). 

5. Summary 

e angles of internal and external conical refraction for naphthalene 
optionally large (both about 13“ 45'), and the substance is therefore 
onally well suited for exhibiting these phenomena as well as for a 
study of the same. A series of eight photographs is reproduced with 
ser and is discussed in detail. The following noteworthy effects are 
:d by the crystal. The so-called Poggendorff dark circle appears only 
nal conical refraction and is an ultra-focal phenomenon, disappearing 
he image of a point source of light seen in exact focus through the 
plate, the image being then a single circular ring which is extremely 
In external conical refraction we have an effect converse to the 
dorff phenomenon, viz., a concentration of energy at the conical 
if the wave-surface and therefore also along the axis of single-ray 
/. When the microscope is focussed on the second surface of the 
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crystal and not on the source of light, the field of view exhibits a picture 
of the wave-surface in two sheets, their intersection appearing as an intensely 
luminous point and the tangent plane to the surface as a dark ring 
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/ Introduction 

Tiin scattering of light in material media may be considered from two 
distinct points of view The first is that of the colloid chemist or biologist, 
the opalescence or Tyndall effect exhibited by whose media is related to the 
number, size and structure of the particles dispersed in them The other 
point of view is that of the spectroscopist investigating the scattering of 
light in transparent substances and its relation to the molecular structure 
and the state of molecular aggregation There is obviously a wide difference 
in the aims and methods of study adopted by these two groups of workers 
This should not be permitted, however to obscure the essential similar- 
ities in the phenomena with which they are concerned We have only one 
to mention some specific examples, viz , optical glass, phenol-watei mixtures, 
protein solutions and rubber dissolved in organic solvents, to realise the 
futility of setting out any rigid line of demarcation between “ colloid ” or 
turbid media, and “ molecular ” or transparent ones Any such distinction 
must be conventional rather than logical It will be realised, therefore, that 
the exchange of ideas and methods between the two fields of lesearch should 
be of great importance for the progress of both 

2 The Reciprocitv Relation 

An important step in the unification of colloid and molecular optics 
was taken by Dr R S Krishnan (1934-1939) in his investigations at this 
Institute which established the “ Reciprocity Relation ” in the scattering of 
light and developed experimental methods based on its validity This 
relation may be stated as follows Consider a parallel beam of plane-polar- 
ised light passing horizontally through an isotropic substance, and let the 
scattered light be observed in a horizontal direction transverse to the inci- 
dent beam The intensity and state of polarisation of the transversely 

* This paper reproduces the substance of a lecture debvered to Uie Indian Academy of 
Sciences at Bangalore on the 23rd September 1939. 
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scattered light would evidently depend on the a/imuth of polansation of 
the incident light Knshnan’s discovery was that, irrespective of the nature, 
size and shape of the particles of the scattering substance, These 

symbols represent respectively, the intensity of the horizontal vibration in 
the scattered light when the vibration in the incident light is vertical, and 
the intensity of the vertical vibration in the scattered light when that of the 
vibration in the incident beam is horizontal A direct experimental proof of 
this result is furnished by the arrangement represented schematically in Fig 1 
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Demonstration of Reciprocity Pnnciple in Light Scattering 


A beam of unpolarised light is divided by means of a double-image prism 
into two beams of equal mtemitv m which the electric vibrations are respec- 
tively vertical and horizontal These beams enter the observation vessel 
containing the colloidal substance, and their tracks (which, in general, 
appear of unequal intensity) are viewed transversely through a double-image 
prism suitably held Wc then see four tracks which may be designated as 

Hp, and respectively, the meaning of these symbols being clear 
from the figure The equality of intensity of Hp and in all cases is then 
directly evident to observation The lelative intensity of the four compo- 
nents Vp, Hp, and depends greatly on the size, shape and structure of 
the particles scattering light 

If the particles are very small, spherical and isotropic, 

Vp+0, Hp-V, -0 (1) 

If the particles are not smalt but are spherical and isotropic, 

Vp 0, Hp =-- V* - 0, + 0 (2) 

If the particles are very small hut are not spherical and isotropic, 

V.+ 0,H.=V,=-H,,0 (3) 

If the particles are neither small nor spherical and isotropic, 

Vp#0. Hp-V**0, H;, + 0. 


(4) 
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The experimental facts stated in (1), (2), (3) and (4) are readily explained 
on the basis of the electromagnetic theory of light The relations stated in 
(1) follows immediately from the fact that the particle in the conditions 
stated IS equivalent to a simple Hertzian oscillator or electric dipole The 
relationships stated in (2) follow immediately from the theory of scattering 
by spherical isotropic particles developed by Mie (1908) The radiations 
from the particle may be regarded as the result of the summation of a 
series of partial vibrations, viz , a first electric, a first magnetic, a second 
electric, a second magnetic, a third electric, a third magnetic vibration 
and so on The first and third electric vibiations, and the second and fourth 
magnetic vibrations in this sequence give a finite value for V, and zero 
values for H^, V^, and while the first and third magnetic vibrations and 
the second and fourth electric vibrations give a zero value for V^. 
and a finite value for H/, The superposition of these radiations gives the 
result stated in (2) The scattering of light by a very small ellipsoidal parti- 
cle averaged for all orientations of the particle with respect to the field gives 
the result stated in (3) The relation H„ - is seen to be valid both in’ 
case (2) and in case (3) Hence, if the radiation from particles which are 
neither small nor spherical and isotropic is regarded as a superposition of 
the types of radiations considered m these two cases, the result H„ — 
must be valid also in the general case Krishnan (1938) has given a different 
argument which also leads to the same result 

3 The Kmhnan Effect 

From the foregoing considerations, it follows that in the general case 
V* < H^ In other words, if the incident beam is polarised with the electric 
vibration horizontal, the light scattered transversely would exhibit a partial 
polarisation in which the horizontal vibration is more intense than the vertical 
This is the Krishnan effect The actual magnitude of the partial polarisation 
would be determined by the extent to which radiations of the types envi- 
saged in (2) and (3) respectively enter, in other words by the relation between 
the size and the optical anisotropy of the particle In the electromagnetic 
theory, the amplitude of the first electric radiation is proportional to the 
cube of the radius of the particle, while those of the first magnetic and the 
second electric radiations are proportional to its fifth power Hence, the 
larger the size of the particle and the smaller its optical anisotropy, the 
greater would be the partial polarisation and the more readily, therefore, 
would It be detectable Vice versa, the smaller the particle, ard the larger 
Its optical anisotropy, the more difficult of detection would be the partial 
polarisation of the transversely scattered light The foitnute of the electro- 
magnetic theory also indicate that the ratios of the amplitude of the higher 
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partial radiations relatively to the lower ones involve the wave-length of the 
light This IS evident since the ratios must evidently be dimensionless 
numbers, such as cfijX*, etc , where a and A are respectively the radius 
of the particle and the wave-length of the radiation Hence, for relatively 
small particles, the effect now under discussion must rapidly become more 
pronounced as the wave-length of the light is diminished 

4 A Sensitive Method of Observation 

The partial polarisation of the scattered light referred to above may be 
readily demonstrated in a variety of cases A Nicol which can be rotated 
polarises the light entering the colloid The track of the beam passing 
through the observation vessel is viewed transversely through a double-image 
prism suitably held It will then be noticed that as the Nicol is rotated and 
the direction of vibration in the incident beam turns round from the vertical 
to the horizontal position, the two images of the track seen alter in their 
relative intensity, the one which is stronger in the first case becomes the 
weaker in the second case In other words, > Hf,but The same 

effect can be shown in a more striking way by viewing the track through 
a Babinet compensator instead of through a double-image prism As the 
polarising Nicol is rotated, the fringes seen in the compensator shift their 
position, indicating that the partial polarisation of the scattered light alters 
to a state in which the horizontal component instead of the vertical one is 
the more intense As a means of detecting the partial polarisation, this 
technique is obviously more sensitive than observation through a double- 
image prism or a measurement of the depolarisation ratio which were the 
methods employed by Krishnan A partial polarisation of only a few per 
cent, is detectable by the Babinet compensator Hence, the range of the 
investigation is extended by its use to cases in which the difference of inten- 
sity between and H,i is extremely small Moreover, since the fringes in 
the Babinet compensator can be photographed, it becomes possible to 
extend the investigations into the ultra-violet region of the spectrum where, 
as already remarked, the magnitude of the partial polarisation is expected 
to become much larger 

The sequence of changes in the appearance of the field of the compen- 
sator as the polarising Nicol is rotated may be readily followed It is 
evident that, since V„ > H^ -»■ V,i< H*, the fringes would be most marked 
when the vibrations in the incident light are vertical, their visibihty would 
dimmish and reach a minimum value at an oblique setting of the Nicol 
and increase again to a second maximum when the vibrations are hori- 
zontal. The setting of the Nicol at which the compensator fringes have the 
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minimum visibility would evidently depend on the ratio V„'H^ The fringes 
seen in the compensator appear on a background of uniform illumination 
due to the unpolarised or “ anisotropic ” part of the light scattering The 
larger this is, the smaller would be the visibility of the fringes for all settings 
of the Nicol, and in particular at the setting in which the vibrations trans- 
mitted by It are horizontal The sensitiveness of the method therefore 
diminishes with the increasing optical anisotropy of the particles arising 
from their non-sphcrical shape or structure 

5 Ellipticity of the Scattered Light 

As was shown by Mie, we cannot expect to obsers'e an elliptic polar- 
isation in the light scattered by particles of any size, if the incident light 
is unpolarised The position would, however, be altered, if the incident 
light is plane polarised in an arbitrary azimuth and the particles of the 
colloid are spherically symmetric and of uniform size For, the incident 
vibration can then be resolved into vertical and horizontal components in 
a determinate phase relation, and the scattered radiations V, and arising 
respectively from these components would also be coherent, the phase 
relations between them being specifiable and the same for all the particles 
in the colloid Unless, therefore, the relationship of phase is one of identity, 
the resulting radiation would be clliptically polarised This would be indi- 
cated in the Babinct compensator by the position of the fringes which 
would correspond neither to a vertical nor a horizontal vibiation but would 
be intermediate In other words, when the Nicol polarising the incident 
beam is turned round from the vertical to the horizontal, the compensator 
fringes would shift continuously from one position to the other, remaining 
visible all the time An effect of this kind should be easily noticeable when 
the particles in the medium are of the requisite type, c g , a cloud of water 
drops suspended in air or a dilute emulsion of one liquid m another On the 
other hand, if the particles in the medium are of such a nature that there is 
no definite relation of phase between the components V„ and then no 
elliptic polarisation should be detectable In such a case, the compensator 
fringes would vanish at some particular setting of the Nicol, and re-appear 
in an altered position when the Nicol is rotated further in either direction 

6 Applications of the Method 

The sequence of changes observed in the position and visibility of the 
compensator fringes us the polarising Nicol is turned round is thus closely 
connected with the structure of the medium scattering the light, and affords 
an insight into the mechanism of such scattering In this connection, refer- 
ence may be made to two very interesting papers by Dr Hans Mueller 
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( 1938 ) who has discussed the theory of the Knshnan effect from a standpoint 
which IS very different from that set out above 

The technique desciibed in the present paper would evidently beapphea- 
blc to a great variety of cases and should be capable of yielding interesting 
results In particular, the increased sensitiveness should enable the Knshnan 
effect to be looked for even in cases where it is undetectable with the 
methods previously employed, e g , colloids of the smallest particle size 
and even pure liquids Preliminary work on these lines has been earned 
out with pure liquids and with liquid mixtures by Mr T A S Balaknshnan 
and on selected colloidal solutions and emulsions by Mr Darbara Singh 
Their results arc described in a series of papers appearing in these Proceedings 
under the same title (Parts II, III, IV and V) 

Summary 

A method is described, based upon the use of a Nicol for polarising 
the incident beam in any desired azimuth and of a Babinet compensator for 
observing the transversely scattered light which enables the Knshnan effect 
to be very conveniently studied The sensitiveness of the arrangement 
permits its use for the observation of the effect in cases where the methods 
previously employed are not delicate enough It is pointed out that the 
magnitude of the effect would be enhanced by using ultra-violet radiation, 
the compensatoi fringes being recorded photographically The same arrange- 
ment can also be employed for detecting and measuring the elliptic polari- 
sation of the scattered light when the particles scattering the light arc uniform 
and spherically symmetrical The wide field of utility of the method in the 
study of light scattering is indicated 
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7 Introduction 

It is well known that when a beam of unpolarised light traverses a column 
of dust-free liquid, the track of the beam observed in a transverse direction 
exhibits a partial polarisation, the extent of this depending on the liquid 
employed The so-called depolarisation factor p which is the ratio of the 
intensities of the vibration components respectively parallel and perpendi- 
cular to the plane of observation in the transversely scattered light depends 
on the liquid under study It is relatively small for organic liquids of the 
aliphatic class, e g , carbon tetrachloride or ethyl ether, and much larger for 
liquids of the aromatic class, e g , benzene If the beam of light is polarised 
before entry into the liquid, the depolarisation ratio is altered and then 
depends on the azimuth of polarisation of the incident light According to 
R S Krishnan (193S) the following general equation is valid for all isotropic 
media 

p«=(i + i//>4)/0 + ik). (1) 

In this formula p„, p„, and l/p^ represent the values of the depolarisation ratio, 
when the incident beam is respectively unpolarised and polarised with 
vibrations perpendicular and parallel to the plane of observation According 
to present knowledge, in the case of pure liquids, 

Pg -l and therefore />« = 2p,/(l -f p^) (2) 

If the incident light be polarised with the vibrations making an angle 9 with 
the vertical, the depolarisation ratio pg m the general case is, according to 
R S. Krishnan (1939) 

Pa = (1 + tan* Bjp/^ / (tan* 9-\- 1/p^ ( 3 ) 

From formula (3), it follows that 

Pv P««» Pm — P4»»* Pa “ f / ph» 


( 4 ) 
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In the particular case when p^- 1 , formula (3) reduces to 

pg ~ pj(p„iin^ 0 (5) 

The question arises whether p/, in the ease of liquids is exactly equal to 1 
Since the dimensions of molecules arc very small compared with the wave- 
length, we may expect this to be the ease provided that the scattering of light 
in a liquid may, as with gases, be assumed to be due to the individual mole- 
cules But since a liquid is a dense aggregate of molecules, the latter assump- 
tion IS questionable Actually, the scattering of monochromatic light in a 
liquid IS shown by spectroscopic research to be of several distinct kirds 
Firstly, we have the Raman lines exhibiting relatively large frequency shifts 
As the intensity of these lines relatively to the rest of the scattering is small 
in liquids, we shall not consider them further in the present connection 
Secondly, we have the “ wings ” appearing in the spectrum on either side of 
the parent line in the i ncident radiation This is due to hindered molecular 
rotation and is a depolarised radiation for which = 1 Thirdly, wc have 
the scattering by longitudinal sound waves appearing as a Brillouin doublet 
enclosing the parent line in the spectrum Theory and experiment appear 
to agree in indicating that this radiation is completely polarised, i e , H^r- 

= Hi - 0 Finally, we arc left with the scattering of unmedified fre- 
quency, represented by an undisplaced line in the spectium This has been 
shown by B D Saxena (1938) and by SunandaBai (1941) to be polarised 
partially, but to varying extents for different liquids The origin of this 
unmodified scattered radiation in liquids has not yet been fully elucidated, 
but It has been suggested that it may be connected with the quasi-static struc- 
ture of the liquid, and that it is probably analogous to the unmodified 
scattered radiation observed with amorphous solids or glasses It is conceiv- 
able that this scattering may be due, in part, to relative large clusters of 
molecules, in which case we may expect that p^ < 1 Whether this is actually 
so or not can only be decided by experiment 

That Pi IS practically unity in the case of pure liquids has long been known 
as a fact of observation It is evident, therefore, that very sensitive metkeds 
would be required to exhibit any departure from this relation, the ordiraiy 
method of measuring depolarisation being inadequate for the purpose In 
Part I of this series of papers, Sir C V Raman (1941) has suggested the use cf 
a Babinet compensator or othci sensitive polanscope for the detection of the 
effect The purpose of the present investigation was to test out this idea, 
using a Babinet compensator to decide whether or not pJ^ for pure liquids is 
unity The results of a preliminary investigation with three pure liquids, 
namely, carbon tetrachloride, benzene and ethyl ether are recorded in the 
paper 
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2 Experimental Arrangements 

A pyrex glass cross of one-inch diameter with its four arms of length 
about 3 inches was taken The fourth arm opposite the observation end was 
drawn out and bent up in the shape of a horn The tip of the horn was 
connected to a glass flask which was filled with the liquid under investigation 
The liquid was distilled over into the cross and then washed back into the 
flask about six or seven times so as to get it free of dust After each distilla- 
tion the liquid in the cross was tested with a strong beam of sunlight for any 
specks of dust After the last distillation the cross was sealed oiT It was 
blackened thoroughly on the outside except for three flat pyrex glass windows 
and then mounted in position The observations were made in a dark cabin 
in the wall of which there was an aperture letting in a beam of sunlight 
reflected from a single-mirror Foucault heliostat A Dallemeyer lens of 
focal length 12' provided with a diaphragm to vary the aperture was fixed to 
the wall of the cabin in the path of the beam of sunlight and served to focus 
the incident illumination Immediately after the lens, a glass cell with parallel 
plane end-pieces containing a solution of alum was placed to cut off the heat 
rays Next to the cell was mounted a Nicol provided with a graduated circle 
which could rotate about the incident beam and thus cause the light to be 
polarised in any desired azimuth The light after passing through the Nicol 
was focussed at the centre of the cross To view the light transversely 
scattered by the liquid, the Babinet compensator was placed with its principal 
plane inclined at 45° to the plane of observation, in which position the com- 
pensator IS most sensitive The scattered light then passed through another 
Nicol oriented so as to transmit vibrations which had their electric vector 
horizontal An eyepiece was used to make the visual observations The 
eyepiece was removed and substituted by a camera with a lens having a 
maximum aperture of f/4 5 for taking photographs of the pattern of fringes 
formed in the field of vision A senes of filters ranging from a red filter to 
Wood’s glass was used to study the phenomena at different wave-lengths 
The photographs were taken on Selochrome or Ilford HP2 plates and dev- 
eloped with the Ilford Process plate developer 

There are several likely sources of error in the experiment. The first is 
the possibility of dust particles in the hquid giving a polarised scattering. 
This was eliminated by careful and repeated distillation. Secondly, the 
angle of convergence of the beam introduces some complications. This was 
avoided by making visual observations with continually reduced apertures. 
Thus when the apertures were reduced to as low a value as f/22, the liquids 
under investigation continued to exhibit the phenomoia. The convergerce 
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error for this aperture is very low and of the order of 0 03% A third 
source of error lay in the diffuse scattering of light by the background This 
was completely avoided by eliminating all extraneous light other than that 
passing through the cross, and the beam was kept so narrow that it did not 
impinge on the side of the cross anywhere in its track The horn of the cross 
along with the thick coating of black everywhere on the outside combined 
to give a perfectly dark background over which the track of the incident light 
could be seen clearly A series of diaphragms and screens completely cut 
out all extraneous light and there were similar diaphragms on the observation 
side of the cross in the path of the scattered light The greatest care was 
exercised in seeing that only light scattered by the liquid at the centre of the 
cross was transmitted to the Babinet compensator and that no extraneous 
diffuse light had access to it 

3 Results 

The experiment was first conducted visually with the eyepiece mounted 
after the analysing Nicol in the path of the scattered light When the incident 
light was polarised with its electric vector peipendicular to the plane of obser- 
vation, the fringes in the Babinet’s compensator appeared very bnghtly m the 
field of vision The cross wire in the Babinet, consisting of a narrow fibre 
of silk stretched between the two quartz wedges, appeared on the central 
dark band Since white light was used, coloured fringes were visible at the 
edges of the field In the centre, however, there were three dark bands 
separated by white bright bands Slowly turning the Nicol, the vibrations 
in the incident light were altered from the vertical to the horizontal and then 
further turned till they again became vertical When this was done gradually, 
It was found that the fringes lost intensity, vanished completely and then 
reappeared again forming the same pattern as before. Midway when the 
vibrations were horizontal, there was a famt trace of illumination, and the 
question whether the fringes were present there or not could not be settled 
visually The device of oscillating the Nicol rapidly about the position 
where the illumination was a minimum was then tried, and it was found that 
the fringes instead of disappearing completely showed up in a shifted posi- 
tion, the crosswire appearing on a bright band instead of on a dark band 
Each time the Nicol was flicked about ten degrees on either side of the position 
at which the illumination in the field of the compensator was a minimum, 
the bands momentarily shifted their position and then came back to their 
original position Thus the reversal of polarisation and the existence of 
fringes were both made clearly visible to the naked eye by this device This 
reversal of polarisation was found to persist even at small apertures, up to 
about f/22. The eyepiece was now replaced by the camera and a senes of 
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photographs taken for successive positions of the polarising Nicol, separated 
by one degree from the preceding position Photographs of the fringe pattern 
formed at the Babinet compensator were taken for a range of ten degrees on 
either side of the horizontal position of the polarismg Nicol It was found 
that the fringe pattern shifted from one position to another within the space 
of a degree and that the fringes were very faint ; they in fact almost disappeared 
at the position of transition In the next setting of the Nicol sepa- 
rated by one degree from the position of transition, the photograph reveals 
the crosswire to be on a bright band After this, the fringes continue to gam 
in intensity and become clearest when the vibrations in the incident light are 
horizontal With further rotation, the fringe system loses intensity, till at the 
point of transition on the other side, they nearly vanish In subsequent 
positions, the crosswire is seen on the dark band If the rotation is carried 
on to make the vibrations in the incident light vertical, the fringe system is 
of maximum intensity 

The experiment was first conducted with carbon tetrachloride and five 
pictures are furnished in Fig 1 , Plate XI The crosswire is on a black band for 
the first picture and the vibrations in the incident light are vertical The 
reading on the graduated scale of the Nicol is 270° The second position 
indicates the position of transition with the Nicol reading at 185° Here 
the fringes have lost considerably in intensity and the crosswire is just 
visible over the black band In the third picture the crosswire has shifted 
to a bright band and can be seen with two faint dark bands on either 
side The Nicol reading for this position is 180° The other two pictures 
show respectively the transition occurring at 175° and the fringe system 
with the vibrations in the polarised light vertical The Nicol reading for 
the last picture is 90° 

The experiment was repeated with benzene The reversal could not be 
observed visually There was a certain quantity of general illumination m 
the field of vision and the fringes could not be seen when the vibrations in the 
incident light were horizontal. The field of view of the Babinet compensator 
and the analysing Nicol was photographed for successive positions of the 
Nicol Among the five pictures furnished in Fig. 2, Plate XI the fringes are 
seen in two where the crosswire is on a dark band, but not in the other three 
The corresponding readings for the settings of the polansmg Nicot are given 
alongside. 

The dependence of the polarisation of the scattering of light upon the 
wavelength was studied when the polarising Nicol was transmitting only 
horizontal vibrations. This was done by interposing suitable filters in the 
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path of the scattered light Red, yellow, blue, violet and Wood’s glass 
filters were used successively and a senes of pictures with these filters are 
reproduced in Fig 3, Plate XII. In all these cases the crosswire appears on 
a bright band and the reversal of polarisation can be seen more clearly with 
decreasing wavelength 

The experiment was repeated with ethyl ether which was also carefully 
distilled into a pyrex glass cross. Four pictures are reproduced in Fig 4, 
Plate XII They were also taken with the polarising Nicol oriented so as to 
transmit horizontal vibrations and with red, yellow, blue and violet filters 
The reversal is exhibited by ether in a striking manner and the visibility of 
the fringes improves markedly when the violet filter is used for photograph- 
ing the pattern of fringes 

In the case of benzene it was found that the fringes refused to register 
when the incident light had its vibrations horizontal even though the Wood's 
glass filter was used All that could be obtained on the photographic plate 
was a certain quantity of general illumination and the dark crosswire. The 
failure to observe the eflect with benzene is not surprising as benzene has a 
depolarisation ratio of 42% while those of carbon tetrachloride and ether are 
respectively 6% and 8 S%. The great intensity of the depolarised orienta- 
tion scattering in the case of benzene would naturally overpower a feeble 
polarised scattering even if it were present 

The author desires to record his grateful thanks to Professor Sir C. V 
Raman, f.r s , for suggesting the problem and for valuable help during 
the course of the investigation His thanks are also due to Dr C S 
Venkateswaran for kind advice and assistance. 

4 Summary 

Till now, it has been assumed that the light scattered in dust-free liquids 
is completely unpolarised when the incident light is polarised with its vibra- 
tions m the plane of observation Using a Babinet compensator with an 
analysing Nicol oriented so as to transmit vibrations mthe plane of observa- 
tion, the author has established the presmioe of a feeble partial polarisation 
in the scattered light when the incident light is polarised as stated above The 
presence of the feeble polarisation is shown by the appearance of fnnges 
when the scattered light is viewed throu^ the Babinet compensator Photo- 
graphs showing these fringes with carbon tetrachloride and with ether are 
reproduced. The fringes are, however, not observable in the case of benzene, 
being apparently masked by the much more intmise unpolarised scatt^mg 
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present in the case of this liquid The fringes noticed with carbon tetra- 
chloride and ether become the more striking as the wave-length of the inci- 
dent radiation is decreased 
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7 Introduction 

Potassium nitrate is well known to be chemically similar to sodium nitrate 
but crystallographically isomorphous with aragonite Its structure bears the 
same relation to sodium nitrate as aragonite bears to calcite Detailed studies 
have already been made on the Raman effect in sodium nitrate (Nedungadi, 
1939) and calcite (Bhagavantam, 1940) with particular reference to the effect of 
crystal orientation on their spectra and these have yielded useful information 
regarding the dynamics of these crystals By extending the study to potas- 
sium nitrate we can follow up the changes introduced in the spectrum due to 
change of symmetry and with the consequent change of environment of the 
NO 3 " ion Further, a study of the thermal effects on the spectrum of this 
crystal is interesting, because it undergoes a polymorphic transformation at 
129® C, from orthorhombic to trigonal symmetry We might expect to find 
important changes for the Raman lines, particularly for those due to lattice 
oscillations, following the transformation 

Research on the Raman effect in potassium nitrate has been mostly con- 
fined hitherto to the studies of the crystal powder, of the melt and of the 
aqueous solution with a view to find out the changes in the characteristic 
frequencies of the NOr ion due to change of state Among the authors who 
studied the spectrum of the crystal previously, namely, Krishnamurti (1930), 
Menzies (1929), Bfir (1929), Nisi (1931) and Anantaknshnan (1937), Nisi 
alone used a single crystal for his study The frequency shifts observed by 
him are 31, 51, 84, 711, 1049 and 1344 Out of these the first three lines are 
attributed to the characteristic oscillations of the crystal lattice and the last 
three to the internal oscillations of theNOs' ion Line 1049 corresponds to vq 
the symmetrical breathing osallation, while the lines 711 and 1344 are due to 
v, and V| the two doubly degenerate frequencies of the NOs' ion However, 
Anantaknshnan has observed that the bne 1344 is really a doublet with 
frequency shifts 1341 and 1360 The frequency at 830 due to the oscillation 
of the N atom along the symmetry axis which is inactive in Raman effect for 
242 ^ 
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the free ion has not been observed hitherto, though theory indicates that it 
should appear in the spectrum of this crystal Further, the crystal aragonite 
yields SIX low frequency lattice oscillations (Rasetti, 1932) and it is natural to 
expect corresponding lines in potassium nitrate also In these circumstances, 
a study of the dependence of the Raman lines on the temperature and also on 
the effect of crystal orientation has been made, and the results so far 
obtained are reported m the following pages 

2 Experimental 

As potassium nitrate undergoes a polymorphic transformation between 
Its melting point and the room temperature, it is impossible to grow single 
crystals from melts of the substance, as these while being cooled through the 
transformation temperature break up to form polycrystalline masses The 
crystals used for the present study were, therefore, grown from solution 
Great care had to be exercised in adjusting the saturation of the solution and 
maintaining the constancy of temperature of the crystallisation room in order 
to obtain fairly large clear single crystals Crystals measuring 1 5x1x08 
cm were obtained in the present case The experimental arrangements 
used for the studies were practically the same as were described in some of the 
earlier papers of the author However, the polaroid used hitherto for polarising 
the incident light was replaced by a large aperture (1 inch square) Ahren’s 
nieol The disadvantages of using a polaroid are threefold —Firstly, its 
polarising power in the A 4358 region is not complete but only 90% Secondly, 
it cuts off A 4046 to a large extent and hence observations on the Raman 
frequencies excited by this line cannot be made Thirdly, the absorption of 
A 4358 Itself is considerable All these defects of the polaroid could be avoided 
by using a nicol, though this involves the sacrifice of part of the incident light 
intensity by the limited aperture of the nicol For accurate quantitative 
results the incident light has to be strictly a parallel beam This necessitates 
the using of a point source of light at the focus of a lens However, practical 
considerations of the intensity of the inadent beam for reasonable times of 
exposure, necessitate the use of a fairly large aperture condensing lens to 
focus the light from a vertical arc on to the crystal This at present is an 
unavoidable evil The semi-convergence angle thus introduced in the present 
study was about 10° 

3 Raman Frequencies in the Spectrum 

Fig 1 is a clear spectrum of the crystal recorded with the unpolariscd 
light incident along the 6-axis and the scattered light observed along the 
e-axis The frequencies observed in a detailed analysis of this spectrogram 
are given m Table I, 
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Table I 


Raman lines 

Excitation 

Raman lines 

Excitation 


52 

k, 1, e 

714 

k,e 

A;-^4046 5 A 

82 

k,t,e 

1050 

K 

/-A 4077 8 „ 

100 

k, e 

1343 


/—A 4347 5 ., 

126 

k,€ 

1361 


e-A4358 3 „ 

143 

€ 





The following features of the spectrum may be specially noted (1) Three 
new lines 100, 126 and 143 due to lattice oscillations have been recorded for 
the first time (2) The two lattice lines 52 and 82 are very intense, the latter 
being much stronger than even the symmetrical oscillation 1050 of the NO,' 
ion (3) The line at 1350 due to the degenerate oscillation is a clearly 
resolved doublet consisting of sharp lines at 1343 and 1361 However, the 
other degenerate oscillation at 714 remains a sharp line The aggregate 
intensity of the 714 line is roughly equal to the sum of the intensities of the 
separate components of the doublet at 1350 (4) No line due to the v, oscil- 

lation of the NO,' ion is recorded at about 830 as m the case of aragonite A 
lattice line at 31 with zero intensity reported by Nisi appears to be doubtful 
as It IS not noticed in any of the strongly exposed plates of the present author 
in spite of the fact that three weak new lattice Imes have been clearly 
recorded. 

Bhagavantam (1941) has shown from group theoretical considerations 
that orthorhombic crystals of aragonite and KNO, should yield 18 Raman 
lines due to lattice oscillations Six have been recorded by Rasetti for arago- 
nite using the A 2537 excitation of the mercury arc The new lattice lines 
observed in KNO, are thus seen to be a necessary consequence of the ortho- 
rhombic symmetry of the crystal. That the line 82 in KNO, corresponds to 
the line 185 in NaNO, and is due to the tilting oscillations of the NO,- ions 
in the lattice will be shown in a later section The great intensity of the lattice 
lines 52 and 82, particularly of the lattor, can be easily observed in the spectro- 
gram In the paper of the present author referred to earlier, it has been shown 
that the intensities of the symmetrical oscillation and of the tilting oscillation 
of the NO,- ion are inversely proportional to their frequencies and that as a 
consequence, in the case of NaNO, where the corresponding lines are at 1065 
and 185, the latter should be stronger of the two even when the crystal is 
oriented m a manner most favourable for recording the 1065 line strongly. 
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In the case of KNO3 the tilting oscillation has a much lower frequency, nearly 
half that of NaNOs, whereas the symmetrical oscillation of the NO,- ion has 
practically the same value Hence, it is but natural to expect that the line 82 
should be stronger than the line 1050 The doubling of the degenerate line 
1350 should be a consequence of the NO,- ion which has a threefold axis of 
symmetry going into a less symmetrical orthorhombic lattice which has no 
axis of symmetry of an order higher than two Further, it is to be expected 
that the line 714 would also split up into a doublet as the modes of oscillation 
of the NO,~ ion giving rise to both these lines are confined to the plane of the 
ion and are fundamentally similar That this line actually consists of two 
separate components is shown by polarisation studies The interesting obser- 
vations on these and on the relative behaviour of the components of the 
doublet at 1350 with varying orientation of the crystal even when the incident 
light is unpolarised will be described in a later section 

The vi frequency of the NO," ion corresponds to a vibration of the N atom 
perpendicular to the plane of the ion As it involves only a change in the 
electric moment of the ion and not a change in its polarisability this oscillation 
IS inactive in Raman effect but active in infra-red When the ion goes into 
the orthorhombic crystal lattice, the change in the selection rules enables the 
appearance of this oscillation in Raman effect theoretically Special attempts 
were made by the present author to record this line in KNO, but without 
success Spectra in which even the degenerate lines are intense do not show 
any indication of this line It appears, therefore, that the polarisability charges 
accompanying this oscillation caused by the influence of the neighbours on 
any NO,~ ion are quite inappreciable The corresponding line at 852 
reported by Rasetti in aragonite is also apparently very feeble as it cannot 
be detected in the spectrum reproduced by him in his paper in spite of the 
fact that all the other lines he reports are easily visible in the same 

4, Effect of Temperature on the Raman Spectrum 

Spectra of a single crystal of potassium nitrate were taken at 25°, 
120°, 170° and 290° C For a comparison of the effects produced by change 
of state, a spectrum of the substance m the molten state (m p. 334° C ) was 
also recorded With a uniform temperature field inside the heater the crystal 
could be heated gradually beyond the transformation temperature (129° C ) 
without fracture Nevertheless, in the process of cooling it invariably cracked 
up below the transition temperature into micro-crystals The frequency 
shifts of the crystal measured at the room temperature, at 290° C . as also those 
in the melt are recorded in Table II Figs. 2 a and 2 b are the spectra taken 
with a Hartmann diaphragm at temperatures 25° and 120° C. lespectivdy. 
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Table II 



Lattice Oscillations 

Vg 

Vq 

Vs 

Crystal at 25^ C 

52 82 100 126 



1343 1361 

Crystal at 290** C 

* 



133010 136S 

Molten 350^ C 

Wing extending up to 95 cm/ ^ 



1263 to 1420 


A significant observation made in the present study is that the two lattice 
oscillations with frequency shifts 100 and 126 and presumably also the one at 
143 broaden out and practically vanish at 120° C. as may be seen in Figs 2 a 
and 2 h. It is clear that these lattice lines which are absent in the case of 
sodium nitrate are a consequence of the lower symmetry of potassium nitrate 
crystal Hence, it is natural to expect that when the N 03 ~ ion finds itself in 
the field of trigonal symmetry, these new lines should disappear The obser- 
vation IS analogous to that made by the author in the case of a-quartz in which 
a particular oscillation of frequency shift 207 vanishes at the temperature 
of transition to j3-quartz (Nedungadi, 1940) This observation in potassium 
nitrate also confirms the idea that a polymorphic transition in crystals 
involving an increase of its symmetry is characterised by the disappearance 
of certain oscillations of the lattice 

There is general similarity, as might be expected, between the variation 
with temperature of the Raman lines of sodium nitrate and potassium nitrate 
The behaviour of the lattice lines S2 and 82 is generally similar to that of 98 
and 185 respectively of sodium nitrate Nevertheless, the hne 82 broadens 
much faster than the corresponding line of sodium nitrate Even at 170° C 
the line is a very broad band. Greater details regardmg the behaviour of 
these lines could not be made out due to the halation round the Rayleigh line 
developed at high temperatures. 

As regards the internal oscillations, the rate of broadening of the lines 
with temperature is very slow However, even at 120°C the two lines 1343 
and 1361 constituting the doublet have broadened out and consequently 
appear weaker though the doublet structure is still discernible On the 
other hand at 170° C (which is above the transition temperature) these two 
component lines have broadened out so much as to merge into one another 
and appear as one band At 290° C. this line broadens further and extends 
over 35 cm while the line 714 still remains comparatively sharp The fre- 
quency shifts for these internal oscillations remain appreciably unaltered up to 
290° C. 
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In the melt the lines due to internal oscillations are much broader than 
even in the crystal at 290° C but the change in the frequencies due to change 
of state IS not so conspicuous as in the case of sodium nitrate The degene- 
rate oscillation at 1350 is very broad in the melt and extends over ISO cm 
It is noteworthy that the wing accompanying the Rayleigh line extends much 
less in KNO 3 compared to NaNOj, though the distribution of intensity in the 
wing is similar in both substances Some of these charactenstics of the 
molten substance have been clearly recorded previously by Moses (1939) 

5 Effect of Crystal Orientation on the Raman Spectrum 

As usual in studies on the orientation effect on the spectrum of the light 
scattered by crystals in a transverse direction, we designate the direction of 
the incident beam by OX and of observation of the scattered light by OY, OZ 
being perpendicular to both For a biaxial crystal with the principal optical 
directions* a, )3 and y, it can be easily shown that we can obtain 54 different 
spectra for different orientations of thecrystal with respect to the directions of 
incidence and observation and for different states of vibration of the inci- 
dent and scattered light This includes 6 spectrograms when the incident 
light is unpolarised and the scattered light is not analysed, 12 when theina- 
dent light is unpolarised and the scattered is analysed, 12 when the incident 
light is polarised and the scattered light is not analysed and 24 when the incident 
light IS polarised and the scattered light is also analysed It is obvious that 
the last 24 are the most important as they comprise the results of the rest also 
It should be pointed out here that the potassium nitrate crystal, though 
orthorhombic, exhibits pseudo-hexagonal symmetry; the optical anisotropy 
in the /3y plane is extremely small as may be seen from the values of the refrac- 
tive indices v-1‘513, /9-1 512, a-]<336 This is, indeed, due to the fact 
that the N 08 ~ions in this crystal are all oriented with their planes perpendicular 
to the a-axis Owing to this fact, only 12 spectra out of the 24 mentioned 
above were taken in the present study. These 12 spectra closely correspond 
to those of sodium nitrate studied earlier with the a-axis substituted for the 
optic axis of the latter These spectrograms are reproduced in three groups 
of four each (a, b, c and </) in Figs. 4, S and 6 corresponding to the orienta- 
tions of the a-axis along OX, OY and OZ respectively. Furtho-, three spectra 
recorded with unpolarised incident light for the above orientations of the a- 
axis are also reproduced in Fig 3 (a, b and e). The diagram of the orienta- 
tion of the NOs~ ion for the different spectrograms along with the usual nota- 
tions for the nature of the vibrations of the incident and scattered light are 


* InthecMeofKNOitheMcoiocKtowitbtIwetftsiMlaciystsIsxMnvMtivriy, 
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also given by the side of the figures The intensities of the lines measured 
by the usual method of microphotometry (after making the necessary correc- 
tion for the spectroscope error in the case of polarisation studies) are recorded 
in Tables III and IV The values are relative to the most intense line in any 
particular spectrogram taken as 100 It should be pointed out here that 
owing to the feebleness of the lines due to the degenerate oscillations com- 
pared with the intense lattice lines, sufficiently long exposures were not given 
to record the former lines in all cases as they would involve the sacrifice of the 
details regarding the lattice lines due to over-exposure. 

An inspection of the figures in the Plates shows that there is a general 
similarity in the behaviour of the Raman lines with orientation in sodium and 
potassium nitrates Comparing Figs 3 a, 3 h and 3 c when the incident light is 
unpolarised and the scattered light is not analysed, the most notable feature 
IS that while the low frequency lattice oscillations are fairly of uniform inten- 
sity in all the three, the degenerate oscillations, and in particular, the line 1050 
due to the symmetric oscillation of the NOs* ion, are very weak in the third 
spectrogram when the plane of ion coincides with the plane contain- 
ing the incident and scattered rays This fact can be seen also when the 
incident light is polarised with vibrations perpendicular to the du-ection of 
observation, if we compare the aggregate intensities of the a and components 
in each of the Figs 4, S and 6. These facts show clearly as in the case of 
sodium nitrate that the polarisation due to an incident light vector 
perpendicular to the plane of the NOa~ ion is much less than that in the plane 

Another observation is that the low frequency lattice oscillations dis- 
appear when the internal oscillations appear strongly in the spectrum of the 
light scattered along the a-axis when the incident light vector is in the plane 
of the NOs* ion (Figs 5 a and 5 b taken together) However, the reverse is 
true for the same orientation of the crystal when the incident light vector is 
perpendicular to this plane (Figs S c and S d taken together). This reci- 
procal behaviour can also be seen in the rest of these 12 spectrograms taken 
with the incident light polarised and the scattered light analysed This spectral 
behaviour is strictly true for the lattice lines 82, 100 and 126 but not for the 
line 52 in all cases However, it is generally clear that the changes in polaris- 
ability giving rise to these low frequent lines anse in a manner funda- 
mentally different from those of the internal oscillations 

A particularly striking divergence in the behaviour of the lines 52 and 
82 IS that the former appears extremely feeble when the incident light vector 
IS perpendicular to the plane of the NOs~ ion and also to the direction of 
observation (Figs 6 a and 6 h) while the latter line appears strongly in the 
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OX component Further the line 52 is very strong in the OZ component and 
weak in the OX component in the light scattered perpendicular to the NOs 
plane when the incident light vector is parallel to the direction of observation 
(Figs S c and S d) However, the behaviour of this line is quite similar to 
the line 82 in all the other cases studied The polarisation behaviour of the 
two lattice lines 1(X) and 126 is the same as that of the line 82 in all the cases 
where they were recorded 

Attention has already been drawn to the fact that the degenerate osc illa- 
tion V 2 of the N 03 ~ ion appears as a doublet with frequency shifts 1343 and 
1361 in this crystal The behaviour of the split components with crystal 
orientation is noteworthy Comparison of Figs 3 a, 3 b and 3 c shows that 
with incident unpolarised light, the line 1361 practically vanishes when the 
plane of the NO,' ion coincides with the plane containing the incident and 
scattered beams (Fig 3 c) while the line 1343 appears fairly strong in the same 
Further, in the spectrum of the light scattered along the a-axis for incident light 
polarised with vibrations in the plane of the NOs- >on, the 1361 line appears 
only in the OZ component while the line 1343 appears in the OX component 
(Figs 5 a and S b). These and other observations on the component lines of 
this doublet prove, as has been shown in the next section, that the line 1361 
IS due to a symmetrical oscillation of the crystal and the line 1343 to an anti- 
symmetric one. In a similar manner, polarisation studies show clearly that 
the line 714, though it appears in the spectrum as a single line, is due to the 
superposition of a symmetric and an antisymmetric oscillation of the crystal 
A careful examination of the negatives seems to indicate that the component 
due to the symmetric oscillation has a frequency corresponding to the low 
frequency edge of the line and that due to the antisymmetric oscdlation to 
Its high frequency edge (in Figs S a and 5 b for example) This behaviour 
stands in contrast to that of the doublet at 1350 where the symmetric oscilla- 
tion has a higher frequency than the antisymmetric one. 

6 Discussion of Results 

According to Placzek (1934) the activity in Raman effect of any crystal 
vibration is indicated by six components and of the change of polaris- 
ability tensor The surviving tensor components for any vibration can be 
derived from a knowledge of the symmetry properties of the vibrations and 
of the crystal Accordingly an orthorhombic crystal can only have two types 
of vibrations (1) symmetric and (2) antisymmetnc (Saxena, 1940) The 
symmetric oscillations are characterised by the fact that the diagonal terms of 
the tensor persist and the transverse terms disappear Thus the selection 
rules for this type of vibraion is 

^ I** *es'^ *rr» 
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The antisymmetric oscillations are characterised by the fact that the diagonal 
terms are always zero Further, these can be divided into three types — 

(1) Vibrations antisymmetric to , C,C^ , or a,, 

by only 0 , the rest being zero 

(2) Vibrations antisymmetric to C/r,, or CyCa, oxaya^ 

by only 0, the rest being zero 

(3) Vibrations antisymmetric to , or CyC^ , or 

by only 0, the rest being zero 

Experimentally, these surviving tensor components for the various 
vibrations can be observed by studies on the Raman spectra of oriented 
crystals The following equations determine the intensities of the \aricLS 
components in any general case 

Fj" ^ XX E* ^xy Ey E» 

Py = fyxPx + fyyEy + «y, E, 

F* ~ Px “(■ ^sy Ey "f" *t» E, 

where and E, stand for the ^-components of the induced moment and of 
the incident light vector respectively x,y and / signify the directions 
OX, OY and OZ respectively For an incidence along OX, the components 
of the scattered radiation are along OX and OZ Since p the depolarisation 

ratio t, that for an incident electric vector along OZ, p = " and for an 

Pb 

e* 

incident electric vector along OY, py=’? 

*»» 

In a biaxial crystal where the axes a, p and y of the optical polarisability 
ellipsoid have different magnitudes, for a particular orientation of the y-axis 
say along OZ, the a-axis can be either oriented along OX or along OY In 

ft 

the former case, for an incident electric vector along OZ, ^^-J^and for 

j Cyy 

an electric vector along OY, p = Is? The corresponding values for the 
latter case are 

I * 

p *= hi. and p *= • 

cjy C|iy 

The y-axis can be also oriented along OX and OY The polarisation and the 
total intensities for various orientations of the crystal thus possible are 
collected in Table V. 

However, to determine the surviving tensor components for any vibra- 
tion It IS not necessary to study fully all the possible orientations of the crystal 
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shown in Table V Cases 1, 3 and 5 alone of this table have been studied in 
the present case of potassium nitrate The selection rules for the symmetric 
and antisymmetric oscillations of the crystal enable us to predict their 
behaviour for the above-mentioned orientations of the crystal Accordingly, 
Table VI shows the expected behaviour of the Raman lines of this crystal for 
transverse scattering The observed intensities for the different lines in the 
spectrum for these orientations of the crystal are also entered in the same 
table 

The agreement in the intensities of the lines 1050 and 1361 with the 
theoretically expected values for the symmetrical oscillation is very close, 
indeed, and consequently we can assign these lines to oscillations of the 
symmetric type The discrepancies found in the case of 1050 line in two of 
these cases may be tentatively attributed to the unavoidable experimental 
errors such as the effect of convergence of the incident beam and to the slight 
errors in orientating the crystal due to its finite size Similar discrepancies have 
also been found in the cases of sodium nitrate and calcite and hence, no 
special mechanism need be attributed to these anomalies at present It is 
to be noticed, further, that in potassium nitrate we have tyy and is much 
larger than so that the intensities of these symmetric oscillations are much 
less when the incident light vector is along a than along p or y That the 
transverse components of the polansability tensor are zero for the line 1361 
IS also evident from the fact that this line practically vanishes in the spectrum 
recorded with unpolarised incident light when the plane of the N 03 ~ ion coin- 
cides with the plane containing the incident and scattered beams The 
behaviour of the line 1343 almost exactly corresponds to what is expected of 
an antisymmetric oscillation given by e.y 0 It can be also seen from the 
table that the behaviour of the line 714 corresponds to a combination of a 
symmetric oscillation with an antisymmetric one given by 0 Thus 

m general, both the degenerate oscillations of the NOs" ion actually spht 
up into their components in the crystal with the fundamental difference that 
in the case of the line 1350 the frequency separation between the split com- 
ponents is much larger than that of the 714 line 

For the low frequency lattice line 82 it is found that the tensors for two 
separate antisymmetric oscillations describe the behaviour completely 
Accordingly it is to be concluded that this line is due to a superposition of 
two oscillations given by the selection rulesca^ alone ^0 andc^y alcme tjkO 
The general behaviour of the line 52 also indicates that it is also due to a 
superposition of two antisymmetric oscillations given by the selection rules 
of the same type as for the line 82. However, in this case tap < ^ 
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be seen from the observed intensities of this line Further, the disappear- 
ance of this line in Fig 6 6 is an anomaly for the above assignment and it 
awaits an explanation 

Analysis of the modes of oscillation of the crystal lattice of potassium 
nitrate shows (Bhaga van tarn, 1941) that out of the 18 Raman-acUve lattice 
oscillations, 6 are due to rotational oscillations of the NOj" ions about the 
three principal optical directions in the crystal and the rest are due to trans- 
lational oscillations The rotational oscillations fall into four classes, 
Aj^, Aj^, Bj^, and B^jj. Among them, those falling under Aj^ and Bj^ corres- 
pond to oscillations of the NO 3 groups about the normal to their plane 
(o-axis) The anisotropy in the fiy plane being extremely small, these oscilla- 
tions would give rise to only very faint lines Two of the weak lattice lines 
observed, namely 100 and 126, might be due to these two oscillations Then 
thermal behaviour also supports this assignment The trigonal symmetry 
of the crystal above 129° C causes the small anisotropy in the fiy plane to 
disappear with the consequent disappearance of these two lines Rota- 
tional oscillations of the NO 3 group about the axes fi and y would, however, 
give rise to strong Raman lines It is possible that one of the oscillations 
about fi and one about y fall together to give the line 82 while the remaining 
two give rise to the line 52 

In conclusion, the author wishes to record his grateful thanks to 
Prof Sir C. V Raman for his kind advice and assistance during the progress 
of this investigation 

7 Summary 

A careful study of the Raman spectrum of a single crystal of potassium 
nitrate has yielded the following frequency shifts —52, 82, 100 , 126, 143, 
714, 1050, 1343 and 1361 cm Out of these, lines 100, 126 and 143 due 
to the lattice oscillations of the crystal are recorded here for the first time 
The most striking observation in a thermal study of the crystal is that these 
new lattice lines practically disappear in the spectrum of the crystal at a 
temperature (120® C ) just below the transition temperature (129® C.) at which 
the crystal changes over from orthorhombic to trigonal symmetry The other 
lattice lines broaden and shift to lower frequencies with increase of temperature, 
while the frequency shifts due to the internal oscillations remain apprecia- 
bly unaltered up to 290® C However, the split-components 1343 and 1361 
of the degenerate oscillation of the NOt~ ion broaden out and merge mto 
one another even at 170® C A study of the spectrum of the melt shows 
that there is no conspicuous change in the frequency shifts due to the internal 
oscillations due to change of state. A study of tte eflfect of orientation of 
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the crystal relative to the directions of incidence and observation and different 
states of polarisation of the incident and scattered radiations shows that the 
behaviour of the Raman lines in this crystal satisfies the selection rules for 
the orthorhombic symmetry. The strong birefnngence of the crystal causes 
the internal oscillations to appear more strongly when the incident light 
vector is in the plane of the NOa group than when it is perpmdicular to the 
same. The low frequency lattice lines generally behave in a manner reci- 
procal to that of the internal oscillations as regards their polarisation 
characteristics In the crystal each of the lines 714 and 1350 due to the 
degenerate oscillations of the NOa~ ion splits up into a symmetric and an 
antisymmetric oscillation with the difference that the sqmration of the split 
components is much larger for the latter hne than for the former. 
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/. Introduction 

The detailed study of light scattering in single crystals has assumed consider- 
able importance in recent tunes on account of its relation to the theory of the 
sohd state. The study which is conducted both with reference to the orienta- 
tion of the crystal and the state of polarisation of the incident and scattered 
light 18 limited by the difficulty of obtaining a single crystal of suitable size 
with flawless interior and clear surfaces. In the case of barytes (barium 
sulphate) the natural crystal answers our purpose very well and can be 
obtained relatively clear and in large sizes. Barytes naturally crystalhses 
in the di-digonal equatorial class of the orthorhombic system. According 
to the Dana, the Schoenflies and the Groth systems, it falls under the normal, 
the holohedral and the rhombic bi-pyramidal classes respectively This 
crystal group requires as co-ordinate axes three hnes of unequal unit lengths 
perpendicular to one another. The ratio of the crystallographic axes is 
given by aib.c^O 8152: 1 * 1 3136. X-ray studies James and Wood 
(1925) show that the atomic structure of barytes possesses a unit orthorhombic 
cell, the dimensions of which correspond, m terms of the crystal ratio to 2 a, 
lb, Ic, ie, 1-6304 1:1-3136 From the speafic gravity md molecular 
weight of the crystal, we find the umt parallelqiiped contains 4 molecules 
of BaS 04 . Of the several forms in which barytes naturally crystalhses, though 
two were available in the collection of Professes Sir C. V. Raman, only 
crystals having the oblique parallelepiped habit were used in the experiments 
detailed below 

Despite the abundance and the ease with which crystals of barytes could 
be secured, it is surprising that very httle work has bera done on the crystal. 
It was dinefore thought that a detailed study of the scattming in barytes with 
a view to secure a complete spectrum of the Raman ^ect would be profitable. 
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The results that have been obtained and are reported m this paper have 
justified the investigation 

2 Experimental 

The investigation was carried out at room temperature (about 25° C ) 
with two crystals of the parallelepiped form Of the two, the smaller crystal 
measured nearly 7 cm x 6 cm x 3 cm and the larger 8 cm x 6 cm x 
4 cm The planes (001), (110) and (ITO) are perfect cleavage planes in the 
crystal Hence the crystal was illuminated in a direction perpendicular to the 
(110) plane, and the light scattered was observed in directions perpendicular 
to the (001) and (llO) planes The spectrograms obtained are marked (c) 
and (a) respectively in Fig 1 of the Plate It was then illuminated along the 
c-axis which is perpendicular to the (001) plane and the scattered light observed 
perpendicular to the (llO) plane, and the spectrogram (6) in the plate was 
obtained 

The scattering was very weak in the crystal and it was found that expo- 
sures extending to over three days were necessary even when the Zeiss three- 
pnsm spectrograph with a short camera of focal length 12 cm was used for 
securing the spectrograms Of the three orientations, the scattenng in the 
(6) orientation was fainter than in the other two cases which were nearly 
equal This necessitated a longer exposure in the (h) orientation in order 
to obtain a picture of the same density as in the other two spectrograms. 

3 Results 

Knshnamurti (1930), Nisi (1931) and Rasetti (1931) have worked with 
single crystals of barium sulphate The frequency shifts observed by them 
along with those of the author, obtained in the three orientations, are tabu- 
lated in Table I. 

Spectrograms obtained by the use of mcident unpolansed hght for the 
three different orientations of the crystal described above are reproduced 
as Fig 1 in the Plate It is found that no particular orientation gives us the 
complete Raman spectrum of barium sulphate A perusal of the table 
shows that fifteen shifts have been recorded for banum sulphate m all the 
three orientations put together Of these the Raman Ime at 620 wave num- 
bers has not been observed before The frequency shifts at 614 and 639 wave 
numbers respectively observed by Nisi but not by Rasetti have been con- 
firmed by the author who has obtained them in two out of the three onen- 
tations But Rasetti reports a line at 631 wave numbers which the author 
has not obtained in any of the three spectrograms. Sunilarly, the Raman 
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Table I 


Direction of 
iHumination 
nonnal to 

Frequency shifts in wave numbers per centimetre 

(110) 

(001) 

(110) 

Knshnamurti 

Nisi 

Rasetti 

Direction of 
observation 
nonnal to 

(lio) 

(110) 

(001) 


452 

(5) 



[ 455 

453 

451 



458 

(5) 

458 

(5) 

) 


462 



614 

(4) 

614 

(4) 


614 



620 

(4) 

! 

638 

(4) 

638 

(2) 


639 

631 


650 

(3) 





647 


989 

(10) 

989 

(10) 

989 

(10) 

988 

988 

989 



1038 

(0) 






1088 

(0) 

1082 

(1) 

1088 

(1) 





1109 

(1) 

1136 

(4) 



1 1139 

1105 


1142 

(2) 

1170 

(2) 

1158 

(2) 

1142 

11% 

(1) 



1141 

1167 


lines at 1038, 1082, 1088, 1136 and 1158 wave numbers respectively have not 
been observed before The frequency shift of 1 139 wave numbers which Nisi 
has recorded may be the one at 1136 wave numbers or the one at 1142 wave 
numbers, both obtained by the author. As against the hne at 1109 wave 
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numbers which has come out in one of the orientations, Rasetti reports one 
at 1105 wave numbers Thus six new Raman hnes not reported by previous 
workers have been observed now 

It has been found that the relative intensities of the lines recorded in the 
spectra vary with the orientation of the crystal In the orientation marked 
(b) in Fig 1 of the Plate, the two lines with a frequency shift of 614 and 638 
wave numbers have approximately the same intensity In the other orienta- 
tion marked (e), the line with the greater frequency shift is less intense. 
Variations have also been recorded in the relative intensities of the two com- 
paratively intense lines that occur at about llS0cm~^ 

The Raman line occurring at 452 cm in one of the orientations and the 
one at 458 in the other two orientations are not separated in the spectra 
obtained in the present investigation, whereas Rasetti records two separate 
lines, in his paper, one at 451 and the other at 462 cm'^ A short focal 
length camera was used to obtain the spectra , its dispersion was not high which 
explains the reason for the line appearing as single But the line at 452 wave 
numbers is distinct from the one at 458, since a sharp iron line divides these 
two positions This can be clearly seen m the Plate 

In addition to the frequency shifts noted by Rasetti and indicated in the 
table, he also observed some low frequency lines between 50 and 200 cm 
all of which were faint possessing an intensity of about one-tenth to one- 
flftieth of the strongest line at 989 wave numbers Some of the clear plates 
obtained by the author show traces of lines in the low frequency region, i e , 
up to about 200 cm Unfortunately the spectrograph has a coma extending 
up to about 100 wave numbers and so precludes the possibility of stating any- 
thing definite about the low frequency shifts This has evidently to be investi- 
gated with an instrument more suitable for work m this frequency region. 

4. Results with Incident Polarised Light 

The behaviour of the Raman lines in the spectrum of barium sulphate 
was further investigated with the incident light polarised with its electric 
vector oriented parallel and perpendicular to the plane of observation Six 
pictures were taken, two for each of the three onentations of the crystal de- 
scribed above The intensities of these lines have been estimated visually 
and recorded by the side of the frequent shifts in Table II. 
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Table II 


Showing Intensities and Frequency Shifts of Raman Lanes with Incident 

Polarised Light 


Direction of 

Frequency shifts in wave numbers per centimetre 

lUummation 
Donbal to 

(110) 

«»1) 

(llQ) 

Direction of 
observation 
normal to 

(001) 

(liO) 

(liO) 

Orientation 
of the electric 
vector with respect 
to the plane of 
obiemtion 

Parallel 

Perpendicular 

Perpendicular 

Paralld 

Perpendicular 

Parallel 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 


458 (1) 

458 (3) 

458(4) 

458 (i) 

452 (4) 


452(1) 


614(1) 

614(1) 

614(1) 

614 (0) 





638(1) 


638(0) 


620(2) 

650(1) 


620(2) 

650(0) 


989(2) 
1088 (0) 

989 (10) 

989 (10) 

989(2) 

989 (10) 

10956(1) 


989 (2) 


1142(1) 

! 

1142(0) 


11456(0) 

1142(0) 


1142(0) 


1158 (1) 




1170 (0) 




5. Discussion 


Bhagavantam (1939) has remarked that the degeneracy characteristic of 
the tetrahedral SO 4 group would disappear in crystals of lower symmetry 
with the result that the group would have mne distmct frequenaes mstead 
of four A further sphtting into 36 modes due to the presence of four SO 4 
groups in the lattice cell should occur, but not all of these could be expected 
to be Raman-active, or to be effectively resolved from each other As tvill 
be seen from Table I, fifteen frequency shifts correspondmg to the mtemal 
vibrations of the SO 4 group have been recorded in the present investigation 
with barytes, some of them diffenng from others only by a few wave numbers. 

The selection rules enunciated by Placzek (1934) mdicate two important 
features for the vibration spectra of crystals possessing orthoriiombic sym- 
metry. Firstly, of the eight possible vibration classes, four are allowed m 
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Raman effect and forbidden in the infra-red, three are forbidden m Raman 
effect but allowed in infra-red and one is forbidden in both Of the four 
vibration classes allowed in Raman effect, one is of the symmetric type and 
three of the anti-symmetric type If o, jS and y represent the direction of the 
axes of the ellipsoid of polansabihty in orthorhombic crystals, the polans- 
ability tensor has the following six components, Cm, c/iy 

In the case of symmetric vibrations, *,y=sepy=0, while ‘pp 

Cyy 0 The three antisymmetric vibration classes are respectively given 
by only ^ 0, only e„y 0, and only c^y 0, all the other five tensor 
components in each case vanishing The vibrations of the symmetric class 
give dipole radiation and would therefore be strongly polarised in the normal 
way The vibrational modes of the anti-symmetnc classes would, on the other 
hand, give quadrupole radiation and such lines would therefore exhibit 
anomalous polarisation 

The foregoing indications of theory are in general agreement with the 
author’s results indicated in Table 1 setting out the experimental results 
for the cases wherein the incident light is unpolansed and the crystal 
orientation is varied, and also with those shown in Table II for similar orienta- 
tions of the crystal, the incident light being polarised Owing to the fact 
that the crystal used had the natural faces, two pairs of which were strongly 
inclined to the axes of the ellipsoid of polansabihty, an assignment of all the 
fifteen observed frequency shifts into the appropriate vibration classes is not 
possible It IS clear, however, from the data and the photographs that the 
vi vibrations (989 cm ~^) belong to the symmetric class and that the two 
observed components of the vj frequency (452 and 458 cm~^) should also 
be assigned to the same class, since both these Imes exhibit a normal type of 
polarisation This latter result is specially significant in view of the fact that 
the SO4 ion in solutions shows the v, frequency as a completely depolansed 
line The lines at 1 170 and 650 cm also are normally polarised and hence 
may be assigned to the symmetric class It is noteworthy that they are the 
components of the higher frequency in the groups v, and V4 respectively. 
The other Raman lines may be assigned to the anti-symmetnc class since 
they exhibit anomalous polarisation The subject has, however, to be further 
investigated with a crystal of barytes cut perpendicular to the axes of the 
ellipsoid of polansabihty before a complete analysis of all the frequency 
shihs is possible 

Matossi and Kindler (1934) m investigatmg the infra-red spectra of 
barytes between Ijx and I6/1, observed a very strong band at about 9^ which 
corresponds to about 1100 wave numbers per centimetre. The author has 
recorded three Raman lines with shifts of nbopt 1082, 1088 pnd 110? cm, 
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respectively lying in this frequency region The line at 1082 cm-* has 
appeared in one of the orientations, 1088 cm in the other and both 1088 
and 1 109 cm m the third orientation Similarly a Raman line with a shift of 
638 cm has come out in two orientations and another line at 650 cm in 
the third orientation, in the vicinity of the very strong infra-red band 
reported at 15 65 n (640 cm It should however be emphasised that the 
approximate correspondence noted above cannot be regarded as an identity 
in as much as the selection rules of Plaizek demand that Raman-active 
oscillations should be forbidden in the infra-red and vice versa No trace 
was found in the spectrum of the scattered light corresponding to the two 
weak bands at 12 35^ (810 cm -^) and 10 81 fi (925 cm -^) in the infra-red 

Schaefer and Schubert (1916) by using two slices of barytes cut parallel 
to the plane containing the a- and h-axes and the a- and r-axes (the axes are 
given here in the crystallographic notation) have investigated the infra-red 
reflection maxima with radiation polarised parallel to all the three axes 
With the electric vector parallel to the a- and c-axcs, they obtain maxima at 
8 30 /u. (1204 cm-') and 8 93/* (1120 cm-') respectively On the other hand 
no reflection maximum is detectable with the electric vector parallel to the 
i-axis It may be remarked that no Raman line has been observed corres- 
ponding to the 8 30/1 band in any of the spectrograms of the author As 
regards the band at 8 93/*, according to Schsfer and Schubert, the oscillation 
should appear when the electric vector is parallel to the c-axis and vanish 
altogether when it is perpendicular The Raman line at about 1 142 cm ' 
however, behaves quite differently and has been recorded in all the six spectro- 
grams except one where it is probable that the line has not appeared because 
of the extreme weakness of scattering in that setting 

The author wishes to record his grateful thanks to Prof Sir C V Raman, 
F R s , for hts kind interest in the work 

6 Summary 

The Raman spectrum of single crystals of barytes has been studied for 
three different orientations It is found that the frequency of the sulphate 
ion splits into two lines at 452cm-' and 458 cm-' The v, frequency 
occurs as four hnes at 614, 620, 638 and 650 cm-' The vi frequency, which 
IS the symmetric oscillation of the ion, remams smgle at 989 cm.-' The v^ 
frequency splits into as many as eight components at 1038, 1082, 1088, 1109, 
1136, 1142, 1158 and 1170 cm-' None of the three orientations of the 
crystal gives the complete Raman spectrum, some of the components vanishing 
in particular orientations, while the Intensities of the others vary The 
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apparent disagreements m the results of the previous workers are thus 
explamed. These changes have been observed using onfy inddent uapolar« 
18 ^ hght The Raman spectra have also beea investigated with inddcmt 
light polarised in and perpendicular to the plane of obsovation. The 
polarisation studies indicate that the frequencies at 4S2, 458, 650, 989 and 
1170 should be assigned to the symmetnc and the other lines to the anti- 
symmetnc class of vibrations 
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CONSTITUTION OP CANNABISCITRIN 

By P. Suryafrakasa Rao and T R Seshadri 

(Fivm the Department of Chemistry, An&ra University, WalUUr) 

Reonvad Augu^ S. 1941 

It has recently been shown that the colounng matter of the flowers of 
Hibiscus cannabinus consists of a new fiavonol called cannabiscetm and its 
glucoside, cannabiscitrin, the latter bemg the main component From a 
study of Its reactions and the degradation products, the constitution of the 
flavonol has been deduced to be 3 S 8 3' 4' 5'-hexahydroxyflavone ^ 
Cannabiscitrin is concluded to be a monoglucoside from the combustion 
analysis and from the yields of the products of hydrolysis In giving an 
orange-red precipitate with lead acetate and in being hydrolysed with diffi- 
culty by acids, the new glucoside (C^HmOis) resembles gossypitrm, herba- 
citnn and quercimeritrin which carry the sugar groups in position 7, and 
this behaviour shows that it is not a 3-glucostde Neither the 5- nor the 
8-hydroxyl group seems to be involved in the glucoside-formation, since the 
substance undergoes ready oxidation to give the ** gossypetone ’* reaction. 
It may, therefore, be concluded that the sugar group is present not in the 
benzopyrone ring but in the side phenyl nucleus This surmise has been 
substantiated and the exact position involved determined in the followmg 
manner; Cannabiscitrin is completely methylated through the acetyl deri- 
vative* (11) and the product hydrolysed in order to remove the sugar part. 
When the resulting pentamethyl cannabiscetin is decomposed with boihng 
50% potash, a dimethyl gallic acid is obtained This is different fnwi 
syringic acid, and found to be identical with 4; 5-dimethyl galfac acid (IV). 
The same compound is also obtained by subjecting the ^coside to aenal 
oxidation in cold alkali, directly methylating the products and finally 
effecting the removal of the sugar molecule by acid hydrolysis. Cannabis- 
citrin is, therefore, concluded to be the 3'-^ucoside (I), and the pentamethyl- 
ether mentioned above to be 3 : 5 : 8 : 4' : 5'-pentainethyl cannabiscetm (IQ). 
The changes involved are represented dtagrammatically below. 

Thus cannabiscitrin is unusual amongst glycosides of flavones and 
flavanols in holding the glucose residue m the side phenyl nucleus. The 
eases so far known belonged to only two categories (1) the 3^^icosides and 
(2) the 7-gtyeosides. Recently it has been r^Kuted ^ us* that in butrin the 
fibvanone stmotuie carries one of the glucose units in the 3'-positt(m, and 
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Methylaiion 
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HOOC^ ^OH 
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IlaCO CO 
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> 


>OCHa 

"OCHa 


Hydrolysis 


M ethylation and 
hydrolysis 



(R IS glucose residue and R' Js the fully acetylated sugar group) 


hence this type of glycosides seems to be more common than originally 
thought of 

Experimental 

Hydrolysis of Camabiscitrin Estimation of the Aglucone and the Glucose . — 
The glucoside (2g) was hydrolysed by boiling with 7% sulphuric aad 
(100 c c ) After heating for a few minutes the solid went into solution, and 
after twenty minutes the aglucone began to separate out, giving rise to 
bumping The heating was, therefore, continued on a boihng water-bath 
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for an hour and a half more The contents were cooled and filtered The 
filtrate was almost colourless and did not yield any appreciable amount of 
the aglucone on ether extraction So the residue after the filtration was dried 
in air, and weighed accurately The acid filtrate which contained the glucose 
was made slightly alkaline by the addition of the requisite amount of sodium 
hydroxide, made up to a known volume, and the sugar estimated by titra- 
tion against standard Fehimg solution 

The amounts of the aglucone and the glucose produced as a result of 
the hydrolysis of the glucoside were calculated [Found Aglucone, 63 4, 
Glucose, 33*6, CjiHgoOia, 3 H^O requires Aglucone (CigHioOg, HgO), 
62 9, Glucose, 33 7%] 

Gossypetone Reaction with the Glucoside — The substance (0 5 g ) was 
dissolved in absolute alcohol (30 c c ) and p-benzoquinone (0 2 g ) in the 
same solvent (2 c c ) was added The original solutions were both yellow 
in colour, and the mixture immediately assumed a dark red colour, and 
a dull red solid began to separate out gradually The next day it was 
filtered and washed with a small quantity of absolute alcohol It was 
maroon-coloured, looking like red phosphorus, and did not melt below 
300° When treated with a drop of dilute potassium hydroxide, it dissolved 
producing a blue solution, which became red on acidification When the 
substance was suspended in water and reduced with sulphur dioxide, the 
original glucoside was regenerated 

Methylation of the Glucoside and Subsequent Hydrolysis Isolation of 
3 5.8:4' y-Pentamethyl Cannabiscetin — Cannabiscitrin acetate (1 g ) was 
dissolved in acetone (40 c c ) and dunethyl sulphate (10 c c ) and 20% sodium 
hydroxide (10 c c ) were added to the solution alternately in small quantities. 
The mixture was shaken vigorously after each addition, when it assumed 
a lemon yellow colour which faded gradually Thereupon further quanti- 
ties of dimethyl sulphate (5 c c ) and the sodium hydroxide (5 c c ) were 
added and finally the medium was made definitely alkaline by the gradual 
addition of 10 ca:. more of the above alkah There was a gradual develop- 
ment of heat throughout the process, and during the later stages the mixture 
became so hot that there was actual boiling. After leaving overnight, it was 
gently boiled under reftux on a water-bath for an hour Then almost all 
the solvent was driven off, the alkaline solution was just neutralised, and 
then sufficient amount of concentrated sulphuric acid was added so as to 
render the solution 7% acid It was finally boiled under reflux for 2 hours. 
As no solid separated out on cooling, the contents were repeatedly extracted 
with ether. On evaporating off the solvent, the ether extract yielded an 
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almost colourless substance When crystallised from dilute alcohol using 
a little animal charcoal, it was obtained as narrow rectangular plates in 
fern-like structures, melting at 191-92° [Found m the sample dried at 
120° in vacuo OCH„ 39 7, CibH*©, (OH) (OCH,), requires OCH„ 
40 0%] 

Alkaline Oxidation of the Pentamethyl Ether. Isolation of A' 5-Dmethyl 
Gallic Acid — The pentamethyl cannabiscetm (0 5 g ) was boiled under reflux 
in a silver flask with 50% potash (20 c c ) for 6 hours After cooling, the 
alkaline solution was diluted. Altered and the clear filtrate acidified with 
hydrochloric acid On extraction with ether, the solution yielded a small 
amount of a crystalline solid which was, however, brown in colour It was 
purified by dissolution in sodium bicarbonate and subsequent reprecipitation. 
On crystallisation from dilute alcohol, the acid was obtained as narrow 
rectangular plates melting at 193-95° It was easily soluble in hot water, 
and the solution did not develop any characteristic colour, when treated with 
a drop of ferric chloride The substance was found to be a dimethyl ether 
of gallic acid [Found OCH3, 31 0, C(H2 (OH) (OCH3), COOH requires 
OCHj, 31 3% ] It was not, however, identical with syringic acid (mp 
204-05°) since the mixed melting point of the two substances was depressed 
and indefinite, ranging from 1 55-75° All the properties indicated that the 
acid should be 4 . S-dimethyl gallic acid, and this was confirmed by taking 
the mixed melting point of the two substances, it was undepressed For 
this purpose an authentic sample of 4 S-dimethyl galUc acid was prepared 
from vanillin according to the method of Shnner and Me Cutchen * Vanilbn 
was treated with bromine in glacial acetic acid solution, when 3-bromo- 
vanillin was produced It was then methylated with dimethyl sulphate and 
alkali to yield 3*bromo*4 S-dimethoxy benzaldehyde, which was subsequently 
oxidised with alkaline potassium permanganate to form the corresponding 
acid The bromine atom in this acid was finally replaced by a hydroxy] 
group by heating it in a sealed tube with dilute alkah and copper powder 
4 . S-Dimethyl gallic acid thus obtained melted at 193-95° and not at 184-85° 
as stated by Shnner and Me. Cutchan {loc. cit) [Found: OCHs, 31 2; 
C,H, (OH) (OCHa)a COOH requires OCH„ 31 3% ] 

Further Methylation of the Pentamethyl Ether Preparation of Hexamethyl 
Cannabiscetm — The pentamethyl cannabiscetm obtained above was dissolved 
m excess of 20% alkali and methylated with dimethyl sulphate in the usual 
manner After the completion of the reaction, the product was acidified 
with dilute hydrochloric acid, and then extracted with ether. On eva* 
porating off the solvent, a pale yellow solid was obtained. It was purified 
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by crystallisation from alcohol using a little animal charcoal The substance 
was found to be identical with hexamethyl cannabiscclin melting at 174-75'’ 

Oxidation of Cannabucitrin Isolation of 4 5-Dintethyl Gallic Acid 
— The glucoside (1 g ) was dissolved in 50% potash (15 c c ) and the blood 
red solution formed was frequently shaken and exposed to air for 24 hours 
It was then diluted to about 40 cc and shaken with excess of dimethyl 
sulphate (15 cc) in small quantities After leaving osernight, the mixture 
was heated on a water-bath for about half an hour to destroy the excess 
of dimethyl sulphate The solution was still alkaline It was therefore 
just neutralised with hydrochloric acid, and then the calculated amount of 
concentrated sulphuric acid was added so as to render the solution 7% in 
Its acid content It was then boiled under reflux for 2 hours, and when 
cooled a small amount of resin separated out This was removed by filtra- 
tion using a fluted Alter, and the clear hltrate was then extracted with ether 
On distilling ofl the ether, a brown viscous liquid was left behind When it 
was left overnight in the frigidaire, an almost colourless erystalline solid 
separated out It was Altered and recrystallised from boiling water using 
a little animal charcoal, when it appeared as colourless needles and plates 
melting at 192-94" The acid was found to be identical with 4 5-dimethyl 
gallic acid 

Summary 

The Anal constitution of cannabiscitnn has been established It is a 
monoglucoside of the flavonol cannabiscctin, carrying the sugar group in 
the side phenyl nucleus in the 3'-position This has been arrived at from the 
following considerations —It gives the gossypetone reaction and after com- 
plete raethylation and hydrolysis, it yields a pentamethyl cannabiscetin which 
on decomposition produces 4 5-dimethyI gallic acid The same acid is also 
obtained by flrst decomposing cannabiscitrin with alkali, and then subjecting 
the products to methylation and subsequent hydrolysis Thus the glucoside 
belongs to an unusual type and resembles butrin 
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KINETIC STUDIES IN ESTER HYDROLYSIS 

Part I. The Hydrolysis of Halogeno-aliphatic Esters 


By S V. Anantakrishnan and S Krishnamurti 

(From the Annamalai University Chemiad Lcdtoratorles, Atmamalaimigar) 
Received June 10, 1941 


Though the hydrolysis of esters has been the subject of study for nearly 
half a century since de Hemptinne’s first paper,^ it is only recently that a 
systematic study has been made The accepted mechanism for both acid 
and alkaline hydrolysis is that due to Lowry^^ involving a common interme- 
diate complex For acid hydrolysis, three alternative courses are possible, 
but, by the use of isotopic oxygen. Ingold, Day and Datta’* have shown that 
the best scheme is as follows • — 

o o 

R*C^ +H+ r* R-C^^ -^R C-*0+R'0H(d<wr) 

OR' O R' 


H 


R»C+*=04-H,0- 


O 

"-'C ■ 

OHt 


R«C 




•(•H-l' (fast) 


OH 


With the advent of the electronic theory, it is natural to use it in the 
interpretation of group influences on hydrolytic reactions as well The 
susceptibility to polar influences has been well demonstrated by Kindler 
working with benzoic esters^* and the more systematic and thorough studies 
of Ingold and Nathan, Evans, Gordon and Watson* and Hinshelwood and 
co-workers * It has further been noticed that m the case of meta and para 
substituents, the PZ values of the Arrhemus* equation remains the same while 
E changes with structure Now, the activation energy may be considered 
to involve a repulsion term and a bond en^gy term m which the latter is 
influenced by the polar characteristics of the substituent group Evans and 
Jenkins* were able to obtam for the hydrolysis of benzoic esters a relation of 
the form 

E» Eb+ Ex/«i# 

where £ is the activation energy, Eb the bond energy and £x/*m the rqnil- 
sion energy. 
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Kinetic Studies in Ester Hydtolysts — / 

Most of the work generally described deals with aromatic esters while 
the aliphatic series seems to be comparatively neglected It is well known 
that the behaviour of halogens is anomalous in the aromatic senes among 
themselves, though they fall in the right position as regards the group as a 
whole Further, it is usual to assume, since saturated carbon atoms are 
involved, that the influence of the halogens arises only from the transmission 
of the inductive effect The present communication deals with a preliminary 
investigation of a few halogeno-aliphatic esters, a systematic study of which 
may be expected to clarify the position 

The choice of Dioxan-watcr as solvent needs some explanation Usually 
the reaction has been studied in alcohol-water and acetone-water systems 
The range of working temperature available precluded the use of acetone for 
any fair degree of accuracy and at the same time it was considered desirable 
to avoid a solvent taking part in the reverse reaction At the same time, for 
comparison of results, a solvent of about the same dielectric constant and 
viscosity had to be chosen The influence of the solvent is considered in 
greater detail in the next part All the reactions described herein have been 
carried out in 60 % dioxan (by weight) and the results are tabulated below 
(Tables I, II, III and IV) 

Table I 

Ethyl Esters of Alkyl-substituted Acids 


Acid 

Temper 
rature 
in *C 

Time for % reaction in minutes 

A, /to* 

E 

(from 

graph) 

P2 

5 

10 

20 

40 


35 1 

1 

69 

138 


636 

13 09 



Acetic 

42 

37 

75 


342 

24 41 


1 47 


50 1 

22 

42 


178 






i 

9 

18 


75 





35 

78 

162 5 

345 

780 

10 «3 



Propionic 

42 

45 

87 5 

187 5 

425 

19 93 

15,960 

0 24 


50 

25 

50 

102 5 

220 

36 13 




60 

12 5 

25 

51 

no 

68 75 




35 

190 

380 

740 

1600 

4 93 



M-Butync 

42 

85 

175 

365 

830 

10 03 

15,510 

0 065 


50 

45 

95 

190 

380 

19*36 




60 

! 

20 

40 

1 

90 

IB 

41 69 
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Table II 

Ethyl Esters of Chloro Acids 


Acid 

Tcmpe- 

Tunc for % reaction in minutes 

AtiVIO* 

E 

(from 

graph) 

FZ 

raturc 
in °C 

5 

10 

m 



35 

t02 

202 

420 

864 

8 686 



Chloracctic 

42 

60 

120 

240 

522 

15 05 

16.640 

0 61 


50 

24 

54 

121 

263 

11 51 




60 

12 

24 

54 

128 

75 27 




35 

234 

468 

1044 

2502 

3 763 



a-Chloropropionic 

42 

108 

244 

522 

1170 

7 169 

15.060 

0 20 


50 

80 

162 

288 

630 

12 04 




60 

43 

72 

145 

324 

25 09 




35 

300 

660 

1590 

4380 

2 441 



jS-Chloropropionic 

42 

180 

360 

900 

2460 

4 516 


0 065 


50 

108 

225 

480 

1200 

7 785 




60 

IIIIQI 

100 

210 

570 

17 37 




Table III 

Ethyl Esteis of Bromo Acids 


Acid 

Tempe- 
rature 
in •€ 

Time for % reaction in minutes 

)t,xl0» 

£ 

(from 

graph) 

PZ 


10 

20 

40 


35 

72 

165 



10 39 



Bromoacctjc 

42 

48 

105 


571 

IS 85 

15,780 

0 16 


50 

27 

54 


270 

32 26 





12 

24 


126 

69 49 




33 

390 

825 

1800 

4260 

2 030 



a-Bromopropionic 

42 

240 

465 

945 

2040 

3 844 

16,830 

0 20 


50 

90 

225 

480 

1050 

7 749 




60 

60 

114 

225 

504 

16 43 




33 

390 

900 

2280 

5400 

1*737 

■1 


j3-Bromopropiontc 

42 

210 

510 

1140 

2640 

3 346 


3 40 


50 

90 

210 

540 

1320 

8 370 

■ 



60 

48 

100 

225 

570 

17*37 

■ 
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Table IV 

Ethyl Esters of lodo Acids 


Acid 

Tempe- 

Time for % reaction m minutes 

A,xl0» 

E 

PZ 

rature 
in “C 

5 

10 

20 

40 

(from 

graph) 


35 

180 

350 

654 


5 408 



lodoacetic 

42 

102 

243 

483 

960 

7 460 

14,230 

0 007 


50 

57 

120 

246 

510 

14 80 




60 

24 

57 

111 

228 

32 26 




35 

1230 

2280 

4560 

10.080 

0 8065 



a-Iodopropionic 

42 

480 

1020 

2070 

4230 

1 135 

17,260 

0 16 


50 

300 

600 

1200 

2490 

3 on 




60 

120 

1 

276 

510 

1020 

6 949 




35 

510 

990 

2250 

^310 

1 69 



/3-Iodopropionic 

42 

300 

690 

1290 

2850 

2 779 

16,320 

0 068 


50 

150 

315 

645 

1380 

5 645 




60 

75 ! 

156 

303 

630 

11 89 




It will be noticed that the alkyl substituents do not affect the magnitude 
of the rate constant to any considerable degree but the drop in the value from 
ethylpropionate to ethyl butyrate is pronounced, while that from ethylacetatc 
to propionate is slight This change is traceable to two factors first, the 
influence of the group on the formation of the transition state complex and 
secondly the stenc factor Alkyl groups (class -f I) facilitate polarisation of 
the C = O bond, thereby stabilizing the complex Further it is known from 
other studies that the ethyl group is a better electron-donor than the methyl 
Consequently, there is a slowing down in the reaction as one ascends the 
homologous series, the rate tending to a more or less constant value higher 
up the series This increase in stability of the activated complex is combined 
with a corresponding ease of formation of the complex as well A diminish- 
ing energy of activation from ethyl acetate to ethylpropionate bears out this 
conclusion. The value of E also presumbly tends to a constant value in 
line with other properties of the aliphatic acids (e g., ionisation constant) 
which are influenced by polar characteristics of substttuents 

The influence of the halogens is of a more complex nature Such 
halogen derivatives belong to the class — H- T, the inductive and tautomeric 
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effects varying with the halogen As is well known, the — I effect is in the 
order Cl< Br< 1 One may therefore expect that reactivity towards electro* 
phtlic reagents will diminish as one changes from the chloro to the lodo-com- 
pound The trend in the rate constant for ester hydrolysis {vide Tables II, 
HI and IV) clearly brings this out The behaviour of ethyl bromoacetate 
at lower temperatures is somewhat anomalous The slowest reaction among 
esters studied is the hydrolysis of ethyl a-iodopropionate Now, Pauling 
and others have shown that the C-halogen bond possesses a certain amount 
of double bonded character'* arising from resonance and this gives rise to a 
“ conjugated system ” in the o-halogeno esters 


V's r\ 


The iodine atom is the most polarisable and one may expect from a priori 
considerations that this resonance effect will be most pronounced in a-iodo- 
propionic ester 

Taking the halogens as a whole, the — I effect diminishes the ease of for- 
mation of the activated complex while the+ T acts in the opposite direction 
The resultant of these two opposing tendencies must account for the observed 
values of activation energy and rate constant In the case of the halogeno 
acetates the value of £ progressively decreases from the chloro to the lodo- 
derivative (the mono-halogeno compounds alone are considered here). 
On the other hand, in the case of a-halogeno propionates the position is 
reversed a-Chloropropionate exhibits the lowest energy of activation while 
the lodo-compound shows the highest. One has to take into account, not 
merely, the halogen but also the alkyl group, with the result that group 
influences are more complex Probably, the electron donating alkyl group 
attached to the same carbon atom as the halogen suppresses wholly or in 
part the + T effect The net result is a decrease in the ease of formation and 
the stability of the transition state, a slowing down of the reaction as a 
whole and a reversal of the relative order of the halogens Ethyl lodopro- 
pionate is found to give the highest value for E 

The j3-halogenopropionates are of a different type. An mtervening 
saturated carbon atom, which might considerbly diminish even the inductive 
effect, makes the influence of the tautomeric effect on the carbethoxy group 
negligible The CH, Hal group appears essentially as an electron acceptor 
and the reaction becomes slow The trend of E values shows a shght increase 
from the chloro to the iodo*compound 
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Our attention so far has been directed to the relation between one of the 
Arrhenius parameters, E, and the substitutent. It is now necessary to consider 
the other parameter Plotting logio ^ against £ (Fig 1) it will be noticed 



Fia I 


Key to Numbers 


1 Ethyl acetate 

2. Ethyl propionate 

3 Ethyl butyrate 

4 Ethyl chloracetate 

4 Ethyl a chloropropionate 

6 Ethyl p chloropropionate 


7 Ethyl bromacetate 

8 Ethyl a bromopropionate 

9 Ethyl ft bromopropionate 

10 Ethyl lodopropionate 

11 Ethyl c'lodopropionate 

12 Ethyl p lodopropionate 


that very few points he along the slope — 2*303 RT Most of the points are 
distributed at random This is a clear mdication that the aliphatic esters 
studied differ on this important aspect from the aromatic compounds The 
PZ values are obviously different Now, this factor is primarily dependent 
on the mean molecular diameter of the interacting molecules and on the 
orientation of the molecule While an increase in size increases the frequency 
of molecular collisions, m the present instances, this very factor appears to 
lead to ineffective collisions not mvolving the carbethoxy group Con- 
sequently, theiodo-compound has the smallest value for this probabUity factor. 
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This same result can also be shown m another way Hinshelwood* has 
shown that if the constant X in the equation 

were the same for all reactions, there is a linear relationship between the 
energy of activation and the temperature at which the reaction attains a given 
rate An examination of the present series gives a random distnbution of 
points when the E T curve is plotted for a speed such that the reaction 
IS half completed in one hour using the concentrations used (Table V 
and Fig 2). 



Fw 2 

F— Energy of activation in calonet 

T->TemperatQre in degrees absolute for equal velocity ofieaetioa 
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Table V 


Hydrolysis of ethyl ester 
of acid 

Temperature of 
equal velocity 
in « absolute 

Energy of 
activation 

Acetic 

355 8 

16,930 

Propionic 

364 9 

15,960 

n-Butync 

369 0 

15,510 

Chloracetic 

360 0 

16,640 

a-Chloropropionic 

381 7 

15,060 

/3-Ch1oropropionic 

387 9 

16,070 

Bromacetic 

366 5 

15.780 

a-Brompropionic 

387 9 

16,830 

jS-Brompropiomc 

379 5 

18,690 

lodoacetic 

380 0 

14,230 

a*Iodopropionic 

398 0 

17,260 

)3-Iodopropionic 

396 0 

16,320 


Any quantitative deductions on this aspect may be attempted only after 
a further study of a larger number of substituted aliphatic esters 


Experimental 

Dioxan (Kodak) was purified by the method of Eigcnbergcr* and the 
fraction, b p , 104° C and m p 11 8° C , was used Exactly deanormal solu- 
tions of hydrochloric acid were prepared using purified dioxan diluted with 
40% by weight of water 

Ethyl esters of acetic, propionic, n-butync, monochloracetic, mono- 
bromacetic, a-bromopropionic and j9-iodopropionic acids (Kahlbaum) were 
used, after purification by the usual processes, fresh samples being used for 
each set of experunents. Etyhl-/}-chloropropionate was of Schucardt's 
manufacture 

Ethyliodoacetate was prepared by a modification of Kekule’s method 
35 Grams of ethylchloracetate was refluxed with 50 grams of sodium iodide 
(molar proportions) in dry acetone solution for 3 hours After fUtenng of 
the sodium chloride, the solvent was distilled off From the residue, the 
fraction boihng between 178° and 180° was taken, washed with sodium carbo-^ 
nate and water, dried over anhydrous sodium su^hate and fractionated. 
Yield 40 g pure ester b p. 179-80*. 
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Ethyl-a-chloropropionatc was prepared by the method of Walker.** 
Care is needed in controlling the initial violent reaction of lactic acid with 
phosphorous pentachloride, but warming is needed in the later stages to com- 
plete the reaction The pure ester boiled at 47720 mm 

Ethyl-a-iodopropionate was obtained by the method of Bodroux and 
Taboury,* b p TS** 5/28 mm 

Ethyl-j3-bromopropionate was prepared by the method described in 
Organic Syntheses,^ bp 65715 mm 

The reactions were carried out in an electrical thermostat between 35 and 
60® C , the accuracy of control being ± 0 02 Air-tight, glass stoppered 
bottles of resistance glass were used as containers for the reaction mixture, 
200 c c of the acid solvent was allowed to attain the temperature of the thermo- 
stat, calculated amounts of the ester for a decimolar solution added and the 
change with time measured acidimetncally N/40 Baryta was used for the 
estimations involving unsubstituted compounds and ammonia of the same 
strength for the halogenated esters The catalytic action of the acid products 
of hydrolysis was negligible (see also Hinshelwood et al ) The loss of esters 
by volatilisation was also inappreciable 

Summary 

The kinetics of acid hydrolysis of some aliphatic esters have been studied 
at four different temperatures in 60% dioxan The effect of the halogen on 
the parameters of the Arrhenius equation have been discussed from the stand- 
point of the electronic theory of organic reactions 
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KINETIC STUDIES IN ESTER HYDROLYSIS 

Part II. The Influence of Solvent on the Reaction 
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Though correlation between reaction in the gas phase and reactions in 
solution has been noticed, it is fairly estabhshed that a solvent exerts con- 
siderable influence on the course of reactions A solvent may be termed 
“ inert ” if it is unassociated, nonpolar and chemically “ saturated ” and 
there is no difference in the rate of a reaction whether m gaseous phase or 
in solution Such solvents are, however, of very limited application and 
are unsuitable for reactions of the type under investigation Qualitative 
relationship has been established between the velocity constant of bimole- 
cular reactions and the dielectric constant, cohesion and viscosity of the 
solvent *• ’ Using solvents of “ similar type ”, Evans and Jenkins^ obtain 
for the alkaline hydrolysis of benzoic esters the relation 

E — Eb "I" Ex/ *jo» 

where Eb is the bond energy, repulsion energy and « the 

dielectric constant of the medium The extent of solvent influence will 
naturally depend on the ratio Er/£ and will be small if the ratio is too small 
a fraction The solvent effect has also been thoroughly studied only in a 
few cases 

Now, molecules in general may exert influences on one another and, 
when within molecular distances from one another, there must be a pro- 
nounced change in the potential energy curves This effect must be especially 
noticeable in solution Consequently the first effect that might be observed 
IS a difference in the energy of activation It is also noticed that where 
E changes with solvent, PZ of the reaction velocity equatioir changes 
concurrently 

In Part I, the influence of substituent on the parameters of the Arrhenius 
equation has been considered and in the present communication attention 
is directed to solvent influences. Smee it was considered desirable to alter 
both viscosity and dielectric constant, glycerol was chosen as the medium, 
varymg amounts of water being added to alter both these ph]i8ical properties. 
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The choice of this solvent, however, imposed a severe restriction on the 
choice of esters on account of their low solubikty in glycerol-water systems 
but this does not affect the validity of the conclusions arrived at 

Three esters have been studied in four different concentrations of 
glycerol and at four different temperatures For comparison, the relevant 
results of Part 1 in 60% dioxan and values calculated from the data of 
Hmshelwood* for 60% alcohol are also included The results are summar- 
ised in Tables I-VIl 


Table I 

Hydrolysis of Ethyl Acetate 


1 

Medium 

Tcmpc- 

Time for % reaction in minutes 

AiXlO* 

rature 
m -C 


10 

20 

40 


35 


70 0 

141 0 


25 57 

20% Glycerol 

42 

1 

mm 

39 0 

78 0 


47 54 


■a 


20 0 

40 0 


90 33 


60 

mm 

9 5 

19 0 


190 1 


35 

30 0 

61 0 

12S 0 

290 0 

29 45 

40% Glycerol 

42 

15 0 

31 0 

67 0 

160 0 

56 45 


50 

9 5 

19 25 

37 5 


96 79 


60 

3 5 

7 75 

16 5 

39 75 

235 7 


35 

25 0 

54 0 

115 0 

288 0 

32 26 

60% Glycerol 

42 

11 0 

28 0 

63 0 

169 0 

60 22 


50 

■II 

16 0 

35 0 

95 0 

108*4 


60 

'Hi 

8 0 

18 0 

47 0 

208 4 


35 

34 0 

69 0 

146 0 

. 

25 81 

80% Glycerol 

42 

IB 0 

38 0 



47 26 



90 

19 0 

mm 


93 46 


60 

5 0 

8*0 

H 

Hi 

193 6 
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Tablb II 

Hydrolysis of Ethyl Propionate 


Medium 

Ttmpe 

1 

Time for % reaction in minutes 

1 *,X10» 

rature 
m “C 


10 

20 

40 


35 

38 0 

72 0 

138 0 

307 0 

26 31 

20% Glycerol 

42 

16 0 

34 0 

75 0 

170 0 

49 27 


30 

9 5 

20 5 

40 5 

93 5 

88 84 


60 

4 5 

9 75 

19 5 

45 5 

186 9 


35 

32 0 

62 0 

120 0 


30 80 

40% Glycerol 

42 

no 

35 0 

72 0 


51 13 


50 


20 0 

40 5 


90 33 


60 


9 0 

19 0 


193 6 


35 

28 5 

57 0 

124 5 

321 0 

30 10 

60%01yoerol 

42 

IS 0 

31 5 

67 5 

195 0 

57 06 


50 

D 

15 5 

35 0 

94 0 

no 6 


60 

a 

9 75 

19 0 

55 5 

193 6 


35 

36 0 

72 0 

147 0 


25 09 

80% Glycerol 

42 

15 0 

33 0 

80 0 


48 40 


SO 

10 0 

22 0 

460 


83 39 


60 

4-0 

9 5 

21 0 


180 7 
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Table III 

Hydrolysis of Ethyl Chloracetate 


Medium 

Tempe- 
rature 
in oC 

Time for % reaction in minutes 

A,xl0» 

5 

10 

20 

40 


35 

45 0 

99 0 

201 0 

450 0 

17 82 

20% Glycerol 

42 

27 0 

54 0 

112 0 

249 0 

32 65 


50 

17 0 

32 0 

62 0 

135 0 

58 28 


60 

8 0 

16 0 

30 0 

66 0 

117 9 


35 

42 0 

89 0 

177 0 

397 0 

20 53 

40% Glycerol 

42 

25 0 

50 0 

100 0 

226 0 

36 13 


50 

13 0 

26 0 

52 0 

120 0 

71 32 


60 

jHRH 

13 0 

26 5 

61 0 

142 7 


35 

39 0 

78 0 

157 0 

381 0 

23 16 

60% Glycerol 

42 

21 0 

45 0 

96 0 

225 0 

38 72 


50 

SB 

23 0 

48 0 

117 0 

77 43 


60 

Di 

13 0 

25 0 

61 0 

142 6 


35 

37 0 

79 0 

156 0 

384 0 

23 16 

80% GIvcerol 

42 

21 0 

42 0 

90 0 

240 0 

43 01 


50 

12 0 

25 0 

50 0 

130 0 

73 23 


60 

6 0 

12 0 

24 0 

62 0 

150 5 


Table IV 

Values of ki, E, and Log PZ for Ethyl Acetate m Different Solvents 


Solvent 

Ai X 10* at 42* 

E 

LogPZ 

20% Glycerol 

47 54 

I6,d20 

8 2377 

40% Glycerol 

S< 43 

15,870 

7*7559 

60% Glycerol 

60 22 

14,370 

6 7853 

80% Glycerol 

47*26 

17,100 

8 5798 

60%Dioxanc 

24 41 

16,930 

8 1761 

60% Alcohol 

17 37* 

16.200 

1 

7 5665 


* The value ii at 39* 8 and n taken flwn Huubeiwood and Tunm (*). 
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Table V 

- Values of Ati, E and Log PZ for Ethyl Propionate in Different Solvents 


Solvent 

AiXlO»at42* 

E 

LogPZ 

20% Glycerol 

49 27 

15,880 

7 7243 

40% Glycerol 

51 13 

15,250 

7 3010 

60% Glycerol 

57 06 

13,900 

6 4771 

80% Glycerol 

48 4 

16,130 

7 8692 

60% Dioxan 

19 93 

15,960 

7 3802 


Table VI 

Values of Acj, E and Log PZ for Ethyl Monochloracetate 
in Different Solvents 


Solvent 

itixl0®at42“ 

£ 

LogPZ 

20% Glycerol 

32 65 

15,160 

7 0414 

40% Glycerol 

i 36 13 

15,790 

7 5682 

60% Glycerol 

38 72 

14,650 

6 8325 

80% Glycerol 

43 01 

15,310 

7 2553 

60% Dioxan 

15 05 

16,640 

7 7993 

60% Alcohol 

13 48* ! 

15,300 

6 9017 


* The value u at 39* 8 and u taken from Hmshelwood and Tunm (*) 


Table VII 


Solvent 

Viscosity in 
centipoises 
at 30* C 

i 

Tune (mins ) taken for 10% reaction at 35* C 

Ethyl 

Acetate 

Ethyl 

Propionate 

Ethyl 

Chloracetate 

20%Olycer(d 

1‘36 

70 

72 

99 

40% Glycerol 

2 73 

61 

62 

89 

60% Olyoerol 

7 31 , 

54 

57 

78 

80% Olyoerol 

34 92 

69 

72 

79 

60%I>ioxan 

1 63 I 

138 { 

162 5 

202 

60%Ak!6hol 

1 69 

1 

406* 

* 

445* 


* The value! aie at 24* 86 and an taken from Onthehrood and Hmm (*) 
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An examination of the tables brings out clearly that both the compo- 
sition of the solvent and the nature of the ester influence the reaction Some 
abnormalities are also noticeable, eg, an apparently fast reaction in 60% 
glycerol as compared with other concentrations of glycerol 

The most important influence that must be considered is that of the 
solvent on the parameters of the reaction velocity equation It is clear 
that for the same reaction both £ and PZ vary considerably and are affected 
to different degrees The change in value of E is of the order of 2 8 kilo- 
calories which is beyond the limits of experimental error while that m PZ 
is even more significant, being several powers of ten 


Following Hinshelwood and Fairclough* log PZ may be plotted against 
-4t, (Fig 1) The curves are not linear and extrapolation to =0 gives 
for PZ values several powers of ten greater than that corresponding to 








UUod 

OOAO 






0075 

0070 


o 

1 



j 

j 

A 9 

e Q 

A • 

e ^ 


70 TSTI 80 85 

log„PZ 


Flo. 1 

a gas collision number with P»a 1. At the same time the close correlation 
between E and PZ may be seen from the linear character of the B— logTZ 
curve (Fig 2). 
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O Ethyl Acetate 
X Ethyl nx>pi(Hiate 
A Ethyl Cbloraoetate 


Now the whole process can be visualised as involving the principal 
factors of activation, deactivation and completion of the chemical change 
Jowett* has shown that the collision frequency m a liquid system exceeds 
that in a gaseous system and in the derivation of the correction factor the 
viscosity term appears in the numerator 

7 Smjff 

*^'“■2557 

when iZ, is the number of coUisions which a solute molecule of mass mi 
and diameter a makes during one second in a medium of viscosity 

If every colhsion were effective and if viscosity were to be the primary * 
factor, one may expect the reaction in 80% glycerol to be the fastest in the 
present senes, whereas the reaction appears fastest in 60% glycerol and 
the velocity in 80% glycerol is not very different from that m 20% ^ycerol, 
though the viscosity is 24 times greater Considenng the ionic nature of 
the reaction, the dielectric constant of solvent may be expected to greatly 
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influence the speed of the reaction With glycerol-water systems, we have 
consequently to take into account changes in both dielectric constant and 
viscosity with composition Data on the dielectric constant of mixtures of 
glycerol and water are not available but data on variations of viscosity 
with composition and with temperature are available The latter alone is 
inadequate for drawing any quantitative deductions, which must therefore 
be postponed to a later date A qualitative comparison is, however, possible 
Within the small temperature range investigated, the change in dielectric 
constant is only about 10% assuming the mixture law to be vaUd for 
glycerol-water systems On the other hand, in the same range, the viscosity 
changes fourfold, the value at 60° being only a fourth of the value at 3S°. 
The two influences probably work in opposite directions and one may expect 
a point of maximum velocity in changing from 0% glycerol to 100% glycerol. 
The position of this maximum will naturally shift with temperature and 
will vary with the nature of the ester These changes can be observed in 
two ways' — (1) plotting the time taken for a definite percentage of the 
reaction (say 20%) against the composition of the medium (Fig 3), and 
(2) plotting change of E with composition of the medium (Fig 4). 



0 Ethyl Acetate 
X Ethyl Propioaate 
A Ethyl Chl<wacetate 

It will be noticed from Fig 3 that a parabolic curve is obtained which 
flattens out with increase of temperature, the position of maximum velocity 
shifting from about 60% glycerol at 35° C to 40% glycerol at 60° C A more 
complete picture is possible only with larger temperature ranges and inter- 
mediate compositions for the medium. 
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Fig. 4 brings out another aspect Ethyl acetate and ethyl propionate 
are affected in the same way by change of solvent Except for a slight dis- 
placement, the shape of the curve is the same, the reaction showing a mini- 
mum value of E in the 60% glycerol region Chloracetic ester on the other 
hand appears to behave differently, the curve showing a maximum and 
a minimum. This difference is probably only one of degree and an expla- 
nation IS possible only after a more complete investigation of the change 
with intermediate glycerol concentrations in the solvoit These will form 
the subject of a later communication The solvent influences the reaction 
both by increasing Z and by providing a polar environment that facibtates 
the breaking up of the transition-complex. 

It is interesting to compare also, the velocity of the reaction in glycerol- 
water with that in dioxan-water and alcohol-water systems The reaction 
is slowest in alcohol though the dielectric constant of alcohol is much 
greater than that of dioxan and the viscosity is slightly greater (Table Vn). 
This must be attributed to the fact that ethyl alcohol is also a {o’oduct of 
reaction and the presence of an environment of alcohol molecules stabihzes 
the transition complex. Since the rate-determining step mvolves the 
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breaking up of this complex, an apparently slow reaction is the result. 
In dioxan, this complication is absent and the reaction is much faster. 
Both these solvents have a lower dielectric constant and a much lower 
viscosity than glycerol*water systems and the comparatively faster reaction 
IS easily understandable Noteworthy also is the fact that though 20% 
glycerol is less viscous than either 60% dioxan or 60% alcohol, the reaction 
in that solvent is faster The difference must be traced to the higher dielec- 
tric constant Mention may be made here of the peculiar solvent influence 
in the pyridine methyliodide reaction in mixed solvents ’ 

One of the authors (S K ) thanks the authorities of the Annamalai 
University for a studentship which enabled him to undertake the experimental 
work 

Experimental 

The experimental procedure was similar to that described in Part I 
Glycerol (bidistilled, s g 1 23 for analysis, Kahlbaum) was used without 
further purification) 

Summary 

The kinetics of acid hydrolysis of ethyl acetate, ethyl propionate and 
ethyl chloracetate in glycerol-water system has been studied Both viscosity 
and dielectric constant influence the reaction and a close correlation of the 
parameters of the reaction velocity equation is noticed 
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ISOLATION AND CONSTITUTION OF 
QUERCETAGITRIN. A GLUCOSIDE OF 
QUERCETAGETIN 

By P Suryaprakasa Rao and T R Seshadri 

(From the Department of Chemistry ^ Andhra University, Waltair) 

Received August 5. 1941 

There has been some confusion in the past regarding the use of the common 
and the botanical names of the flowers of the Tagetes The correct designa- 
tion should be T erecta for the African Marigold and T patula for the 
French Marigold ^ 

The flowers of the African Marigold (wrongly named as T patula) 
were first examined by Latour and Magnier De La Source ^ They were 
extracted with boiling 85% alcohol, and the flavonol, quercetagetin was 
isolated in an impure state by concentrating the extract Later Perkin® 
carried out a more detailed investigation The alcoholic extract of the 
flowers was concentrated, diluted with water and extracted with ether which 
dissolved the free quercetagetin Though Perkin realised that the aqueous 
solution contained a glucoside of the flavonol, he did not attempt to isolate 
It but directly hydrolysed it for reasons of economy to produce more quer- 
cetagetin Thinking that Perkin and others examined the flowers of T patula, 
Mahal* recently studied the flowers of T erecta (wrongly designated as 
French Mangold) and showed that they contained the same pigment He 
too did not attempt to isolate the glucoside It is obvious that both Perkin 
and Mahal investigated the same species, T erecta, Perkin having given the 
wrong botanical name and Mahal the wrong common name This presump- 
tion of ours has been confirmed by the examination of the flowers of 
T patula also, whose chemical composition is very different The present 
investigation has been undertaken with a view to isolate the glucoside and 
establish its constitution, and these objects have been achieved 

The chemical examination of the petals of T erecta was carried out on 
the same general lines as had been adopted in the case of the cotton flowers ® 
When the alcoholic extract was concentrated and allowed to stand, a yellow 
crystalline sohd was obtained, and this was found to consist of the glucoside 
of quercetagetin, now called quercetagitnn. The mother-liquor was diluted 
with water and ether extracted, whereby quercetagetin was isolated. The 
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neutral and the basic lead acetate fractions were insignificant, and hence 
they were not worked up 

Quercetagitrin is a monoglucoside (CaiHwOu) yielding on hydrolysis 
one molecule of glucose and one of quercetagetin. It crystallises in the 
form of yellow needles and melts with decomposition at 23^38° Its nona- 
acetyl derivative melts at 225-27° Sodium hydroxide readily dissolves the 
substance to yield a yellow solution, and ferric chloride imparts a browmsh- 
green colour to an alcoholic solution With alkaline buffer solutions, the 
most prominent colour of the glucoside is pmk, and this test enables the 
substance to be easily distinguished from its aglucone, quercetagetin which 
gives a transient green and a final brown or brown-red as the characteristic 
colours 

The new glucoside is isomeric with gossypitrin and cannabiscitrin * It 
gives a brick-red precipitate with lead acetate and is hydrolysed with diffi- 
culty by acids, showmg thereby that it is not a 3-glucoside It undergoes 
ready oxidation in cold alkali to produce protocatechuic acid, and hence 
the sugar group should be present in the benzopyrone nng To definitely 
establish its position the glucoside is completely methylated through its 
acetyl derivative^ (II) and the product hydrolysed with a view to identify 
the resulting pentamethyl quercetagetin (III) This pentamethyl ether cannot 
have the free hydroxyl group in either 3- or 3'- or 4'-position since the gluco- 
side does not have the sugar unit in those positions Further the compound 
gives rise to veratric acid on oxidation m boiling 50% potash As shown in 
the following table it is entirely different from 3 6 7 3' . 4'-pentamethyI 
quercetagetin originally prepared by Perkin’ by the methylation of the 
flavonol and later synthesised by Baker, Nodzu and Robinson’ dunng the 
course of the synthesis of quercetagetin 



Solubility in cold 
sodium hydroxide 

Colour with feme 
chloride 

Meltmg 

pomt 

3*6 7,3' V*pentamethyl queiceta- 1 

Almost insoluble 

Intense olive green 
colour 


getm 


The new penti^thyl quercetagetin 

Easily soluble 

No prominent colour 

234-35* 


Hence the free hydroxyl group is not in position 5; it should be in either 
6 or 7 position To settle this point, the pentamethyl ether is allylated and 
the allyl ether (IV) subjected to Claisen Rearrangement, when the allyl group 
undergoes smooth migration (V) This is possible only if the allyl group 
were originally present in the 7th and not ^e 6th position as otherwise the 
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migration cannot occur for want of a free ortho- or para-position Hence 
the free hydroxyl group should have been in position 7 in the pentamethyl 
ether and so the glucoside should be a 7-glucoside (I) The changes involved 
are diagrammatically represented below. 



(IV) (V) 

(R II glucose residue and R' n the fully acetylated sugar group ) 

Experimental 

Isolation of Quercetagitnn —6 Kg of the dry petals of the African Man- 
gold flowers were extracted with methylated spirit in batches of 500 g 
Each batch was refluxed with alcohol two times, each treatment lasting for 
about 12 hours The combined alcoholic extract was concentrated by distil- 
lation to about 1000 c c. The waxes and the resins that separated out were 
carefully filtered oiT through fluted filters, and after the addition of a few 
drops of toluene, the concentrate was allowed to stand for a long time 
After four months some yellow crystalhne sohd began ta* appear. The 
supernatant liquid too became a thick syrup by the separation of further 
quantities of wax and resin, and consequently the filtration of the pigment 
became extremely slow and difficult The residue which was brown in colour 
and sticky to the touch was thoroughly washed with alcohol, when all the 
impurities were removed and the solid assumed a golden ydlow colour. 
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The mother-liquor continued to deposit more and more of the yellow 
substance, which was filtered at intervals, and the deposition was complete 
towards the end of six months. After the preliminary purification with 
alcohol as stated above, the compound was boiled with chloroform in order 
to remove carotinoid material. Now it became almost pure, and was found 
to be practically insoluble in boihng water, alcohol or even acetic acid, though 
the impure stuff readily went into solution in hot water It was finally 
crystallised from aqueous pyridine, when it came out as golden yellow 
glistening needles and rectangular plates melting at 236-38° (decomp ) The 
yield was 8 g [Found in the air-dried sample C, 48 S , H, 4 8 , CuHioOm, 
2 H 2 O requires C, 48 8, H, 4*6% Found in the sample dned at 120° in 
vacuo ; C, 52 3; H, 4 6, CuHjoOu requires C, 52 5, H, 4 2%] 

Isolation of Quercetagetm —The alcoholic mother-liquor remaining 
after the separation of the glucoside was diluted with a large volume of water 
and then extracted with ether On distilling off the solvent, the extract 
yielded a good amount of a dark brown viscous hquid When a small 
quantity of water was added, the liquid changed into a yellow crystalline 
solid mixed with some resin The mixture was extracted with cold alcohol 
which dissolved preferentially the pigment and not the resin On concen- 
tration the alcoholic extract deposited a yellow solid Further purification 
was effected by crystallisation from acetic acid, when the substance was 
obtained as clusters of short needles and plates melting at 314-16° The 
yield was 10 g [Found in the air-dried sample C, 50 5, H, 4*2; C„H„0„ 
2 H 2 O requires C, 50 9, H, 4 0%. Found in the specimen dned at 120° 
in vacuo. C, 56*3, H, 3 5, CuHioO, requires C, 56 6, H, 3 1 %] 
On acetylation with acetic anhydride and anhydrous sodium acetate the 
substance yielded an acetyl derivative which was found to melt at 209-10° 
and agree with acetyl quercetagetin m all its properties 

Properties of the Glucoside — Quercetagitnn was obtained as fine short 
needles when rapidly crystalhsed, but on slow crystallisation, it came out 
as needles and narrow rectangular plates It produced a bnek-red preci- 
pitate with lead acetate, and with ferric chlonde a brownish green colour. 
When a small quantity of sodium hydroxide solution was added, the sub- 
stance immediately dissolved forming a yellow solution. On shaking with 
air, the yellow colour rapidly changed to brown, and a dark brown precipi- 
tate separated out With alkaline buffer solutions of pH value below 10, 
the colour changes were slow and not very primunent; but with solutions 
of higher pH value, the characteristic colour was pmk. The formation eff 
this pmk colour enables the substance to be distinguished from its ag^uctme 
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which gives on the other hand a transient green and a more stable brown 
or brown-red 


pH 

Queicetagetm 

Quercetagitrm 

9 2 

Dissolved to produce a leinoii*yellow 
solution The colour changed to green- 
ish-yetiow within 2 minutes and green- 
ish-brown after 1 0 minutes The 

brown colour slowly intensified and 
became very prominent the next day 

Immediately dissolved forming a yellow 
solution The yellow colour chang^ 
slowly to brownish-yellow and the solu- 
tion assumed a brownish-pmk colour 
after half an hour After two hours. 
It was light pink which gradually in- 
tensified After 6 hours the pmk 
colour began to disappear slowly 
Even the next day, this tinge was still 
noticeable 

10 4 

Same changes as above but very rapid 

The same changes as above but more 
rapid The brownish-yellow colour 
appeared after S minutes and changed 
to brownish-pmk within anomer 
minute The pmk colour became 
prominent after 10 minutes 

11 0 

An immediate lemon-yellow solution 
which became greemsh-yellow within 
half a minute, greenish-brown within a 
minute and pure brown within 5 
minutes The transition colour be- 
tween greenish-yellow and greenish- 
brown was pure green itself The 
solution became brownish-red after 
half an hour and reddish-brown the 
next day 

The same changes as above but more 
quickly The pmk was very prominent 
even after 5 minutes 

12 2 

Same changes as in the previous case 
but very quick The reddish-brown 
appeared even within 5 minutes and 
changed to brownish-red after 10 
minutes 

In this case the colour changes were 
very quick , yellow— brownish-yellow— 
brownish-pmk— pmk The final shade 
was noticeable even within 3 minutes 
and was very prominent after S minutes 
The next day, the solution was still 
pink 


Hydrolysis of the Glucostde — The substance (2g) was hydrolysed by 
boiling with 7% sulphuric acid (100 c c ) After heating for a few imnutes, 
the solid went mto solution, and within half-an-hour another yellow solid 
separated out, giving rise to bumping The contents were, therefore, heated 
for an hour and a half more on a boiling water-bath After coolmg, the 
precipitate was filtered and the filtrate extracted with ether to completely 
recover the aglucone. The ether-extract, after the distillation of the solvent, 
yielded a small amount of the substance The two samples of the aglucone 
were mixed together, dried in air and weighed accuratdy After recording 
the yield, the solid was crystallised from dilute alcohol, w4ien it came out 
as short needles and plates melting at 31S~16**. [Found in the air-dried 
sample. C, S0‘S, H, 4*0; CuHipOs, 2 H|0 requires C, 50*9; H, 4*0%.] 
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The substance was identified as quercetagetin and this was confirmed by 
preparing its acetyl derivative and comparing it with an authentic sample 
of acetyl quercetagetin 

The acid solution left after the removal of the aglucone was made up 
to 1 20 c c and divided into two equal portions. One part was further diluted, 
neutralised with barium carbonate, and treated after concentration to a 
small bulk with phenyl hydrazine in dilute acetic acid. When the mixture 
was heated on a water-bath, the osazone separated out After crystallisa- 
tion from alcohol, it was identified as glutosazone from a study of its 
crystalline structure and the melting point (204-06°) The other part of the 
sugar solution was made alkaline by the addition of sodium carbonate and 
the glucose estimated by titration against standard FehUng solution 

The amounts of the aglucone and the glucose produced as a result of 
the hydrolysis of the glucoside were calculated [Found Aglucone, 68 0; 
Glucose, 34 3%, C 2 jHjoOi 3 , 2HjO requires Aglucone (Ci 5 HioOe, 21] 2 O) 
68-6, Glucose, 34 9%] 

Alkaline Oxidation of the Glucoside Isolation of Veratne Acid — Quer- 
cetagitrin (0 5g) was treated with 50% aqueous potash (15 cc), when it 
dissolved immediately to form a blood-red solution On leaving exposed 
to air with occasional shaking for 24 hours, the solution became opaque 
and brown It was then directly treated, after dilution, with excess of 
dimethyl sulphate (20 c c ) in small quantities After shaking for an hour, 
the contents were heated on a water-bath for about 30 minutes to complete 
the methylation and decompose the excess of the methylating agent The 
solution was then acidified and ether extracted A crystalline solid was 
obtained on evaporating the solvent from the ether extract It was purified 
by dissolving in sodium bicarbonate solution and precipitating with hydro- 
chloric acid When crystallised from aqueous alcohol, it was obtained as 
colourless needles melting at 183-84°, and was found to be identical with 
veratne acid 

Acetylation of the Glucoside' Nonaacetyl Quercetagitrin — A small 
quantity of the glucoside was acetylated by boiling with acetic anhydnde 
and anhydrous sodium acetate The acetyl derivative was crystalhsed from 
glacial acetic acid, when it was obtained as colourless needles melting at 
225-27“ [Found C, 54 8, H, 4 8, C,iHi,0« (OCO CH,), requires C, 
54 5, H, 4>4%1 

3 5 6 3' A'-Pentamethyl Quercetagetin — ^The acetyl quercetagitrin 
(0 5 g ) was dissolved m acetone (25 c c ) and treated alternately with dimethyl 
sulphate (10c c) and 20% sodium hydroxide (10c c) m small quantities. 
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The mixture was shaken vigorously after each addition , considerable amount 
of heat developed during the course of the reaction Further quantities of 
the methylating agent (5 c c ) and the alkali (See) were then added, and 
finally the medium was made definitely alkalme by the gradual addition of 
more alkali (IScc) The next day the mixture was refluxed for an hour 
on the water-bath, and the acetone present was then distilled off Subse- 
quently the clear alkaline solution was just neutralised and then the required 
amount of concentrated sulphuric acid was added to it so as to make it 
7% in the acid content After boiling under reflux for 2 hours, the clear 
solution was cooled in the refrigerator, when a colourless crystalline solid 
was deposited It was filtered and the filtrate on ether-extraction yielded 
a little more On crystallisation from dilute alcohol, it was obtained as long 
plates and needles melting at 234-35° It was easily soluble in sodium 
hydroxide and it gave no colour with ferric chloride The yield was 0 3 g 
[Found C, 61 8, H, 5 3. OCHs, 39-4, C,bH 402 (OH) (OCH,)* requires 
C, 61 9, H, 5 2, OCHj ,40 0% ] By subjecting it to alkaline oxidation 
using boiling 50% aqueous potash in a silver flask, the pentamethyl ether 
gave rise to veratnc acid 

3' 4' 3 5 6-Pentamethyl-l-allyl Quercetageim — The pentamethyl quer- 
cet^getin (0 5 g ) was dissolved in dry acetone (50 c c ), anhydrous potassium 
carbonate (2 g ) and excess of allyl bromide (2 c c ) were added to the 
solution and the mixture boiled under reflux on a water-bath for about 
6 hours The potassium salts were then filtered off and all the solvent was 
completely removed by distilling the clear solution, when a brown-coloured 
oil was left behind It was dissolved in ether, and the solution extracted 
with 5% sodium hydroxide to remove any unattacked pentamethyl quer- 
cetagetin On the removal of the solvent, the ethereal solution yielded agam 
only an oil, which, however, was much less coloured and turned solid after 
the addition of a little water and leaving overnight in the ice-chest It was 
finally purified by crystalhsation from dilute alcohol using a little animal 
charcoal, and was obtained as almost colourless needles It sintered at about 
118° and melted at 122-24° [Found in the sample dried at 120° m vacuo' 
C, 64 2, H, 5 7, CuHa 40 a requires C, 64 5, H, 5 5%] The compound 
did not dissolve in dilute sodium hydroxide and gave no colour with ferric 
chloride The yield of the pure product was 0 3 g 

3' : 4' . 3 . 5 . 6-Pentamethyl-i‘aUyl Quercetagetm —The above penta- 
methyl-7-allyl quercetagetm (0 3 g ) was taken into a pyrat filter-tube provid- 
ed with a tight-fitting rubber stopper The tube was then exhausted as much 
as possible using a “ Cenco ” pump for 15 mmutes an4 then heated on 
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an oil'bath at 195-200° for hours By this treatment a brown semi- 
solid was obtained, which completely solidified on the addition of a small 
quantity of water It crystallised from dilute alcohol (animal charcoal) as 
colourless narrow rectangular plates melting at 188-90° [Found C, 64 2 , 
H, 5 8, C2sH240g requires C, 64 S; H, S 5%] It was freely soluble in 
dilute sodium hydroxide The yield of the pure substance was 0 2 g 

Summary 

Quercetagitnn, a monoglucoside of quercetagetin, has for the first time 
been isolated from the flowers of the African Marigold (Tagetes erecta) 
It IS not a 3-gIucoside since it gives a red precipitate with lead acetate and 
does not undergo easy hydrolysis with acids Further it is easily oxidised 
in cold alkali, and after methylation the products of decomposition yield 
veratric acid The glucose group, therefore, is not present in the side phenyl 
nucleus By complete methylation and subsequent hydrolysis of the gluco- 
side, a pentamethyl quercetagetin is obtained This ether is a new compound, 
and differs from 3 6 7 3' 4'>pentamethyl quercetagetin m all its properties, 
and hence the free hydroxyl group in it is in either the 6th or the 7th position 
The allyl ether of this new pentamethyl quercetagetin smoothly undergoes 
the Claisen Rearrangement, indicating thereby that the ortho-position with 
respect to the allyloxy group is unsubstituted Hence the allyl ether should 
be 3 5 6 3' 4'-pentamethyl-7-allyl quercetagetin, and the new pentamethyl 
ether should have the constitution of 3 5 6 3' 4'-pentamethyl querceta- 
gstin Consequently quercetagitnn is the 7-glucoside of quercetagetm. 
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NUCLEAR METHYLATION OF )8-RESORCYLIC 
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Under conditions of methylation, certain poly-hydroxy phenyl derivatives 
exhibit a tendency to undergo substitution in the benzene nucleus This 
phenomenon is known as nuclear methylation Not only is the chemistry 
of this reaction interesting, but it has also useful applicaDons in synthetic 
work For instance, methyl orsellinate was found to be directly and con- 
veniently methylated with the formation of methyl rhizonate^ (1) In a 
similar manner rhizome aldehyde (II) has been prepared readily by the methy- 
lation of orcylic aldehyde Early work of Perkin* and of Herzig et al * on 
the methylation of /3-resorcylic acid and ester (III) has been reviewed in the 
above-mentioned paper by Robinson and Shah * Their ideas have been 
confirmed by Jones and Robertson* by careful comparison of some of the 
important products of methylation with substances obtained by definite 
methods of synthesis 



Kauffler* and Perkin' found that nuclear ethylation is a much less facile 
process Robinson and Shah,^ however, were able to effect nuclear ethyla- 
tion of the methyl ester of resorcyhc acid using large excess of the reagents 
Nuclear methylation of resocetophenone was effected by Or^er,' Wechler' 
and Crabtree and Robinson* and nuclear ethylation was earned out by 
Robinson and Shah.^ The constitution of the products was drawn only 
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from analogy with the similar reaction with resorcylic acid and ester The 
subject was subsequently reinvestigated by Rangaswami and Seshadn,^” who 
confirmed the structures by unequivocal synthesis and by preparation of deri- 
vatives They employed for this purpose resacetophenone and w-methoxy- 
resacetophenone An observation regarding nuclear methylation of a phloro- 
glucinol derivative has been recently made by Hems and Todd Using 
phloroisobutyrophenone, they found that the reaction took place even under 
very mild conditions by boiling the substance m acetone solution with methyl 
iodide and potassium carbonate, baeckeol (IV) was thus obtained This 
may be taken as an instance of very facile nuclear methylation 

The following is an account of past work relating to the nuclear methyla- 
tion of j3-resorcylic aldehyde Tiemann and Parrisius^* obtained a compound 

(A) melting at 62-63® by two methods (i) by the action of chloroform and 
alkali on mono-methyl resorcinol, and (ii) by the methylation of j8-rcsorcylic 
aldehyde with methyl iodide and alcoholic potash They assigned to it the 
structure of 2-hydroxy-4-methoxy-benzaldehyde and this has been shown to 
be wrong by subsequent work Claisen and Eisleb^^ showed that by 
employing methyl iodide and potassium carbonate for the methylation of 
/3-resorcylic aldehyde, two compounds could be isolated (i) melting at 62-63® 
and identical with (A) and (ii) melting at 41-42® (B) The mixture of these 
two products could be separated by taking advantage of their difference in 
volatility with steam under different conditions, compound (A) distilled over 
from a faintly alkaline solution and subsequently after rendering the solution 
acid, compound (B) could be distilled The above work was confirmed by 
OTT and Nauen^* who further showed that methylation of ^-resorcylic alde- 
hyde with methyl iodide and alcoholic potash gave compound (A) along 
with a small quantity of (B), whereas when dimethyl sulphate or methyl 
bromide and aqueous potash were employed, compound (B) was exclusively 
formed The constitution of compound (B) was estabhshed by them as 4-0- 
methyl-resorcyhc aldehyde from careful elementary analysis and comparison 
with a sample obtained from natural products {e g , from the root of chloro- 
codon from Natal isolated by Gouidmg and Pelly) ^ It is now known to 
occur widely in the following plants* (i) Decakpts Hamikontt (Srinivasa 
Rao and Sesha Iyengar^*), (ii) Periploca Cracea (Solacoln, Mavrodm and 
Hermann^^), (lii) Hemidesmus indicuf (Dutta, Ghosh and Chopra^*) Com- 
pound (A) was subsequently taken to be nuclear methylated homologue of 

(B) and it was assumed to have the structure of 2-hydroxy-3-methyI-4-fnethoxy- 
benzaldehyde, this assumption was based on analogy with similar resorcinol 
derivatives Its formation in small amounts m the expenmmts of Tiemann 
and Parrisius^* using chloroform, alkah and mono-methyl resorcmol was 
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difficult to explain OTT and Nauen** were of the opinion that the mono- 
methyl resorcinol employed by these authors probably contained 2-methyl- 
resorcinol But the explanation does not seem to be satisfactory and the 
original observations may require revision 



The methods employed by previous workers for effecting nuclear methy- 
lation of /3-rcsorcylic aldehyde have not yielded satisfactory results and the 
constitution of the product has not been established by independent 
synthesis OTT and Nauen“ treated a solution of j3-resorcylic aldehyde and 
methyl iodide in methyl alcohol with finely powdered potassium hydroxide 
during the course of 12 days They obtained compound (A) in low yields 
and It had to be separated from a small quantity of 4-0-methyl-resorcyclic- 
aldehyde A rapid and convenient procedure has now been worked out and 
under these conditions (see experimental part) only one product, compound 
(A) melting at 64-65°, is obtained The constitution of this compound, as 
2-hydroxy-3-methyl-4-methoxy-benzaldehyde has been established by two 
independent methods (i) it has been synthesised, starting from 2-methyl- 
resorcinol (V) according to the method of Jones nd Robertson^ and the 
synthetic product compared with the sample obtained by methylation of 
|3-resorcylic aldehyde. The two are identical. 



(V) (VI) (A) 


(ii) Compound (A) was condensed with diethyl malonate using piperidine 
as the condensing agent The coumarin-S-carboxylic ester (VII) thereby 
obtained was hydrolysed and the product (VIII) decarboxylated The final 
coumarin (IX) thus obtained was found to be 8-methyl-7-methoxy-coumartn, 
by comparison with a sample obtained independently by synthesis as given 
below 2-Methyl-re8orcmol (V) was Oondensed with mahc acid to form 
8-methyl-7-hydroxy-coumarin (X) The same compound was also obtained 
by the reduction of 8-aldehydo-7-hydroxy-coumann (XI) (Spaeth>*) with 
hydrogra using palladium charcoal as cataljrst It readily underwent 
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metbylation with methyl iodide and potassium carbonate to yield 8-metbyl-7- 
methoxy-coumann (IX) Thus it is clear that the nuclear position mvolved m 
the metbylation of ^'resorcylic aldehyde is position 3, and that of the two 
hydroxyl groups, only that present at 4 undergoes ether formation 



In the examples of nuclear metbylation discussed in the previous pages. 
It should be noted that they come under the category of polyhydroxy carbonyl 
compounds The same characteristics of the reactions are observed through* 
out Nuclear position 3 with respect to the carbonyl group is the reactive one 
Regarding the hydroxyl groups, one of these ortho to the carbonyl group 
IS left unmethylated It is well known that all these hydroxy-carbonyl 
compounds are chelated and this chelation has a tendency to cause fixation 
of the benzene double bonds as shown m (XII). 


o 



(XU) “ 

(R « H, CH« or OCH,) 

The existence of chelation may account for the non-methylation of the 
ortho-hydroxyl group and it may also mtplaio the high reactivity of position 3. 
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From a study of the nuclear methylation of resacetophenone, Crabtree and 
Robinson* have advanced the following regarding the mechanism of the 
reaction These authors indicated that the nuclear methylation of resaceto- 
phenone IS a reaction of the alkali metal derivatives of the original ketone 
Itself (not of paeanol, the mono-methyl ether) and that it is favoured by an 
excess of alkali They found that 4-O-methyl-resacetophenone does not 
undergo nuclear methylation under the above conditions 

The analogy between the above nuclear methylation and the C-alkyla- 
tion of ethyl-aceto-acetate seems to be obvious In both cases the primary 
cause of the reaction is the existence of an anionoid carbon atom In the 
presence of sodium (or potassium) alkoxide the following (£) and (K) 
may be said to be in equilibrium when ethyl-aceto-acetateTs involved 


Cri,-C-C H-C-OM ^ cii,-c-cii-t — ott 

II II II 

n-^ o o o 


Though (K) may be the lesser component owing to the higher reactivity of the 
amonoid carbon as compared with the more stable anionoid oxygen, reaction 
with methyl iodide takes place predominantly with (K) leading to C- 
methylation (M) 

CH,-c-rH-c-oi<t cn,-c-cii-c--oEt 


V CH, o 

•f t 

Na 


O CH, O 


In the case of carbonyl derivatives of resorcinol as shown in (XII), the 
existence of an extra double bond between the C -- O and the carbon atom 
concerned in no way alters the situation Under the conditions of methyla- 
tion adopted (P) and (Q) are obviously in equilibrium and nuclear methy- 
lation takes place quite analogous in mechanism to that just outUned, with the 
only difiference that the hydrogen attached to the 3 carbon finally migrates 
to the oxygen to give a phenol. This explains why preliminary methylation 
of the para-hydroxyl group is injurious to nuclear methylation (Crabtree and 
Robinson*). Further it may be remarked that existence of chelation may be 
expected to increase the electron pull towards the carbonyl, thus facibtating 
the polarisation as indicated in (P) and eventually nuclear methylation The 
conditions employed seem to be very conducive for the existence of chelate 
structure, thus preventing the methylation of the ortho-hydroxyl group, 
xe 
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I I 

K R 

(P) (Q) 

It has been the practice to view C- alkylation of cthyl-aceto-acetate as 
involving addition of methyl iodide at the double bond of the enol This 
does not seem to be tenable since there is no positive proof of such 
addition and since there is no other example where methyl iodide has been 
proved to add on to the double bonds On the other hand, all its reactions 
seem to be characterised by the ready elimination of iodide ions after attack 
at the unstable anionoid carbon In this connection it may be mentioned that 
acid chlorides react with the sodium derivative of ethyl-aceto^acetate similarly 
to form C-acyl derivatives whereas when the free compound itself is employed 
in the presence of pyridine O-acyl derivatives are formed “ The latter is 
obviously simple ester formation in which the enol takes part and the keto- 
isomer is unreactive (X) The reaction with the metal derivative is again due 
to attack on the anionoid carbon (Y) Definite cases of addition of acyl 
chlorides to double bonds are not known 


(X) CH|-r-CH,-C-OEt 
I « 

o o 


(Y) CH»-C-CH-C-OEt 
II H 

O O 


CH,-C-CII-C-OEt 

I . * 

OHI O 

CH,-C-CH-C-OEt 
I H 
OAc O 

rCHi-C CH C-OEtl -*■ CH,-C-CH-C-OEt 

L II I n J II I 0 

OCl-C-O o o c-oo 

+ 1 I ~ 

Na Cllt CU| 

Cl 


Experimental 

Nuclear methylation of p-resorcylic aldehyde. l-hydroxy-i-methyl-A- 
methoxy-benzaldehyde (A) —To a solution of caustic potash (7'Sg, 4*5 
mols) in anhydrous methyl alcohol (40 c.c ) /3*rescorcylic aldehyde 
(5 g) was added. The solid dissolved slowly to form a clear solu> 
tion which was deep brown in colour On cooling it in a freezing mature, 
it set mto a solid mass. Enough methyl alcohol was therefore added to 
obtain a clear solution again at this low temperature and th«i the mature 
was treated with excess of ico<cold methyl iodide (30 c.c., 7 mols.) m one lot 
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The contents were then well shaken for about half an hour, the flask being 
immersed in freezing mixture and kept well-stoppered Subsequently it was 
allowed to assume laboratory temperature slowly and to stand overnight 
Next morning, crystals of potassium iodide had separated at the bottom and 
a clear solution was found above The mixture was gently boiled under 
reflux for 8 hours, cooled and poured into ice-water and left overnight 
As much of the alcohol as possible was then removed by distillation under 
reduced pressure and the highly coloured residue was subjected to steam- 
distillation A colourless oil came over and soon solidified When recrystal- 
lised from methyl alcohol it was obtained as colourless elongated rectangular 
plates melting at 64-65® [Found C, 64 9; H, 6 2, CjHjoOj requires C, 
65 1 ; H, 6 0 ] The yield of the pure product was 1 5 g Tt does not undergo 
condensation with acetic anhydride and sodium acetate under the conditions 
of Perkin’s reaction 

2 A-Dihydroxy-i-methyl-benzaldehyde (VI) was made according 
to the method of Jones and Robertson with the modification that zinc cyanide 
was used in the place of hydrogen cyanide 

A solution of 2-raethyI resorcinol (2 g ) and zinc cyanide (5 g ) in 
anhydrous ether (40c c) was cooled in ice and saturated with hydrogen 
chloride The aldimine hydrochloride began to separate aAer thirty minutes 
The current of the gas was, however, continued for 4 hours, at the end of 
which the sohd was separated, washed with more ether and decomposed with 
water (35 c c.) by heating on a boiling water-bath The aldehyde separated 
out from water in colourless rhombic prisms melting at 150° with slight 
sintering at 137°. The yield of the product was 1 6g 

The above dihydroxy-aldehyde (VI) was methylated using excess of 
methyl iodide and potassium carbonate in boiling acetone solution Almost 
quantitative yield of the 4-methyl ether was obtained and it crystallised from 
dilute alcohol in plates melting at 64-65° It was found to be identical with 
the sample obtained from the nuclear methylation of ^-rcsorcylic aldehyde. 

EthyUl-tnethoxy-^methyUcoumarin-i-carboxylate (VIl) — ^The nuclear 
methylation product (A) (1 g , 1 mol ) was mixed with diethyl malonate 
(1 4 g, 1*4 mol) and cooled in ice Piperidine (10-15 drops) was then 
added. (Cooling was found necessary as otherwise heat was developed 
causing considerable resinificaUon ) The mixture was allowed to stand 
overnight and to attain room temperature slowly. The resulting solid was 
treated with dilute hydrochloric acid, filtered and recrystalhsed from alcohol. 
It eaiwg out as colourless thin rectangular plates meltmg at 159-60° In 
neutral alcoholic solution it emitted a violet fluorescence and m concentrated 
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sulphuric acid the fluorescence was green [Found C, 64 3 , H, 5 5, 
CnH^O, requires C, 641 , H, 5 3%] Yield 1 5 g 

l-Methoxy~i~methyl‘Coumarm-3-carboxyhc acid iVIlI) — ^The above ester 
(1 g ) was treated with excess of alcoholic potash (20 c c of alcohol containing 
3 g of potassium hydroxide) and allowed to stand for 3 days The clear 
solution was then diluted with water and acidified with dilute hydrochloric 
acid The precipitated solid was filtered and purified by dissolution in aqueous 
sodium carbonate and reprecipitation. When finally crystallised from 
alcohol It came out as light yellow needles and rectangular plates melting 
at 211-212° It resembled the ester very closely in the nature of its fluores- 
cence [Found C, 61 4, H, 4 6; CuHioOb requires C, 61 6, H, 4 3%] 

l-Methoxy-i-methyl-coumarm {IX) — ^The above carboxylic acid (0 5 g.) 
was heated with quinoline (20 c c ) and copper bronze ( 1 g ) for ^ hour at 
1 50-60° in an oil-bath After cooling, the mixture was treated with excess 
of ether and the solution quickly filtered Ether was then distilled off, the 
residue was treated with excess of dilute hydrochloric acid and the mixture 
was repeatedly shaken with ether The ether extract was washed free from 
acid with aqueous sodium bicarbonate and then water and finally evaporated 
The resulting solid was extracted with petroleum ether, whereby some resin 
was left behind The petroleum extract was evaporated and the sohd residue 
crystallised from alcohol Colourless rectangular prisms and plates were 
thus obtained melting at 122-23° The substance gave a weak violet fluores- 
cence in alcohol and a bluish green fluorescence in concentrated sulphuric 
acid It was found to be identical with the sample of 7-methoxy-8-methyI- 
coumarin prepared from 2-methyl-resorcinol as given below [Found C, 
69 7, H, 5-5; CnHioO, requires C, 69 5, H, 5*3%] 

7-Hydroxy-%-methyl'Coumartn {X)‘ Method I — An intimate mixture of 
2-methyl-resorcinol (1 g » 1 mol ), mahe acid (1 2 g , 1 mol ), and concen- 
trated sulphuric acid (2 5 c c ) was heated in an oil-bath maintained at 120° 
until effervescence ceased (1^ hours) After coohng, the product was poured 
with stirring into excess of crushed ice and left overnight. The soUd was then 
filtered and extracted with ether By this treatment, a small quantity of 
insoluble resin was removed After distilhng off the solvent the residue was 
recrystallised from alcohol, when colourless triangular prisms melting at 
231-232* were obtained The substance gave a pale blue fluorescence m neutral 
alcoholic solution and it was bright blmsh in alkahne solution. In concen- 
trated sulphuric acid the colour of the fluorescence was bluish green [Found : 
C, 72*6, H, 4-4 ; Ci,H,0, requires C, 72-7 ; H, 4*6%.J 
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Method III Reduction of 1-hydroxy-coumarm-i-aldehyde {XI ) — A solu- 
tion of the aldehyde in glacial acetic acid was treated with palladium char- 
coal and shaken in an atmosphere of hydrogen till two molecular propor- 
tions of the gas were absorbed The solution was then filtered and the 
solvent removed as far as possible by distillation under reduced pressure. 
The residue was then treated with water, the acetic acid remaining behind 
was neutralised with sodium carbonate and the mixture repeatedly extracted 
with ether The ether solution was then shaken with saturated sodium 
bisulphite to remove any unreduced aldehyde and subsequently washed with 
water After distilling off the solvent the residue was reciystalhsed from 
alcohol whereby 8-methyl-7-hydroxy coumann was obtained melting at 
231-32° A mixture of this specimen with the one made from 2-methyl- 
resorcinol melted at the same temperature [Found C, 72 5, H, 4 5, 
CioHgOg requires C, 72 7 , H, 4 6% ] 

l~Methoxy-%~methyl-coumarm {IX ) — The above hydroxy coumann (1 g ) 
was dissolved in anhydrous acetone (20 c c ), excess of methyl iodide (2 c c ) 
and potassium carbonate (2 g ) added and the mixture gently boiled under 
reflux for 20 hours After filtering, the clear solution was distilled m order 
to recover the solvent, the solid residue was taken up in ether and washed 
with dilute sodium hydroxide in order to remove unmethylated hydroxy 
compound After final washing with water, it was evaporated and the 
residue crystallised from alcohol Colourless rectangular prisms and plates 
melting at 122-23° were obtained This sample was found to be identical 
with the one prepared from the nuclear methylation product of /9-resorcyIic 
aldehyde [Found C, 69 4, H, 5 6, CaHigO, requires C, 69 5, H, 5 3%] 

Summary 

A survey of past work on the nuclear methylation and ethylation of 
resorcinol and phloroglucinol derivatives is given and a mechanism for 
this reaction suggested The nuclear methylation of ;8-resorqrhc aldehyde 
has now been carried out giving rise to a good yield of the product (A) 
Its constitution as 4-methoxy-3-methyl-2-hydroxy benzaldehyde has been 
established in two ways* (i) A sample of 4-methoxy-3-methyl-2-hydroxy 
benzaldehyde was prepared according to the synthetic method of Jones and 
Robertson and compared with (A) (u) The corresponding coumann was 

prepared from (A) and was identified as 7-methoxy-8-methyl coumann by 
companson with the compound obtained by independent synthesis, starting 
from 2-methyl-re8orcinol and passing through 7-hydroxy-8-methyl-coumarin 
as an intermediate stage. The same coumann was also prepared by the 
reduction of umbelliferone-8-aldehyde and subsequent methylation. 
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THE CONSTITUTIONAL FEATURES OP 
ANTHOXANTHINS IN RELATION TO THE MORIN 
REACTION IN ANALYTICAL CHEMISTRY 

Part I. Some Naturally Occurring Hydrosjr-flavonola and Flavanonea 
By K Neelakantam and L Ramachandra Row 

(From the Department of Chemtstrp, Andkn University, Wallah-) 

Received August S, 1941 

Morin (5 7 2' 4'-tetrahydroxyflavonol) was first introduced by Goppel- 
srocder' in 1868 as a reagent for the detection of small amounts of aluminium 
with which It yields in weakly acid solutions, a very prominent green or blue- 
green fluorescence ordinarily visible in daylight This reaction did not 
receive much attention until Schanll® in 1924 showed that it is a very sensi- 
tive reaction, as little as 10-*mg of the element in 10 cc of the solution 
being detected with the aid of Tswett’s luminoscope Since then it has 
received considerable attention, as a result of which it is now known not 
to be specific for aluminium A similar yellowish green fluorescence has 
also been obtained with beryllium,® and a large number of other metals, 
and the acid radicals, arsenitc and arsenate * *• ® In spite of this defect, this 
reaction has been utilised for the detection, as well as determination of alu- 
minium and beryllium, and the fluoride ion indirectly *• • • However, no 
attempt has been made till now to study the influence of constitutional 
factors in monn over the appearance of fluorescence with aluminium or any 
of the other metals. 


Flavonol Hwanoiie 
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The correlation of constitution with fluorescence is a problem of con* 
siderable difficulty In the group of hydroxyflavonols of which morin is one, 
a considerable amount of investigation has been done regarding the relation 
between number and position of hydroxyls and the tinctorial properties of 
these compounds,^” but not much work has yet been done regarding the 
fluorescence which some of them exhibit under certain conditions It is 
only recently that Rangaswami and Seshadri^ examined this problem with 
reference to the closely allied hydroxy-flavones 

Several of the naturally occurring as well as the synthetic flavonols 
exhibit fluorescence in daylight, when dissolved in concentrated sulphuric 
acid, and a few in alkaline solution Fisetin and the isomeric 6 3' 4'- 
trihydroxy-flavonol are exceptional in that they exhibit fluorescence m alco- 
holic solutions Morin itself yields a bluish green fluorescence in concen- 
trated sulphuric acid, but none in alkaline solutions It is. however, 
a unique case of a hydroxy-flavonol which yields fluorescence with metals 
in alkaline or acid solutions and so far employed in analytical chemistry 
As IS well known, the hydroxy-flavonols have marked dyeing properties and 
yield coloured lakes with metals such as aluminium, beryllium, etc Morin 
behaves similarly but surprisingly enough it yields with the same metals in 
dilute solutions very prominent fluorescence in daylight itslef This fluores- 
cence has been ascribed to a neutral, colloidally dispersed aluminium salt 
of morin having the formula A1 (CjsHs 07 ) 3 * but it seems probable that the 
paraquinonoid structure which these lakes possess*** also plays an important 
part The fact that a wide variety of metals yields similar fluorescence seems 
to support this view 

As a result of the investigations on the anthoxanthin pigments of flowers 
which have been in progress in these laboratories for several years, a number 
of compounds which have certain similarities and certam differences when 
compared with morin were available and, therefore, it was considered desir- 
able to examine them in order to throw more light on the problem of the 
fluorescence obtained in the morin reactions The examination was, how- 
ever, limited to the reaction of morin with aluminium and beryllium as in 
practice this reaction is mostly used for the detection and determmation 
of these metals 

Expenmental 

For the following experiments pure samples of the flavanones, naringenin, 
butin and hesperitin, and the flavonols, ksmpferol, quercetin, herbacetm, 
gossypetin and quercetagetin which wa« obtained from natural sources were 
used 
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Preparation of Solutions 

Reagents — Saturated solutions of all the pigments, except kamipferol 
and herbacetin, in methyl alcohol were employed The available amount 
of ksmpferol and herbacetin being small only dilute solutions were used. 

Test Solutions (1) Aluminium — A dilute solution of potash alum was 
prepared using A R quality sample and standardised by precipitating the 
aluminium with 8-oxyquinoline It was then diluted to contain 1 mg of 
aluminium per c c 

(2) Beryllium — A dilute solution of beryllium nitrate was prepared 
using a “ Pure " sample and the absence of aluminium was assured by 
testing with “ Oxine ” It was standardised by precipitating the beryllium 
as hydroxide and igniting to the oxide, and then diluted to contain I mg. 
of beryllium per c c 

(3) Potash — A dilute (2 N) solution of potassium hydroxide was pre- 
pared and tested for the absence of aluminium by the Oxine ” method 

Procedure — ^Tests were carried out in alkaline, as well as in solutions 
acidified with acetic acid, with aluminium and beryllium provided the 
reagent itself did not undergo atmospheric oxidation in alkaline solution 

One c c of the test solution was placed in a quartz test-tube and treated 
with dilute potash until precipitation occurred Thereafter, the precipitate 
was either dissolved in acetic acid or in an excess of the alkah, the solution 
diluted to 10 cc with water and treated with one or more drops of the 
reagent Observations were made first In daylight and then under the 
“ Cenco Black Light Source " which consists of an argon-mixed gas glow 
lamp provided with a U V filter which allowed light down to 3100 A to 
pass through. 

Results 

Blank tests were carried out in all cases on the reagents themselves under 
identical conditions; the results were negative in all except hespentin, 
4'-methoxy-3' 5 7-trihydroxyflavanone {Citrus aurantium peels) which 
gave in alkaline solution under the lamp a bright blue fluorescence which 
was destroyed by acetic acid Similar results were obtained with hespentin 
in alkaline as well as in acetic acid solutions both with aluminium and 
beryllium For companson the reactions were carried out with a saturated 
solution of morin in methyl alcohol With the reagents recorded in the table 
below, however, no fluorescence was observed in daylight and in no case 
was it so very prominent as with morm under identical conditions The 
results obtained under the lamp are recorded in a tabular form below; 
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Discussion 

The results obtained show that among the group of compounds examined 
monn is exceptional in giving a very prominent fluorescence, none of the 
others gives any fluorescence with aluminium or beryllium in daylight and 
the fluorescence observed under the lamp is not at all so intense A com- 
parison of these results, however, throws light on the relation between the 
constitution of these compounds and the fluorescence The only difference 
between monn and quercetin is in the 2'- instead of 3'- position of one 
hydroxyl in the side phenyl group and the difference in behaviour may, there- 
fore, be due to the 2'-position of one hydroxyl The results obtained with 
kaempferol and monn show the intensifying effect of a hydroxyl in the 
2'-position on the fluorescence given by a 4'-hydroxy compound A com- 
parison of ksmpferol with herbacetin reveals the inhibitory effect of the 
8 -hydroxyl This conclusion is further supported by the comparison of 
quercetin with gossypetin Further the available data shows the inhibitory 
effect of 6 -hydroxyl as in quercetagetin The exhibition of fluorescence both 
by kaempferol and naringenm shows that the 3 -hydroxyl is not absolutely 
necessary for the appearance of fluorescence with metals It thus appears 
probable that a hydroxyl m 2 '-position alone or in conjunction with a 
4'-hydroxyl is responsible for the brilliant fluorescence obtained with monn 
and metals This conclusion seems to be supported by the fact that monn 
unlike other flavonols, yields an anhydrosulphate (CisHgOe, H 2 SO 4 ) when 
treated with concentrated sulphuric acid, and this behaviour is closely 
related to the presence of a hydroxyl in the 2 '-position If this conclu- 
sion were correct, similarly constituted compounds such as datiscetin (5 7 2'- 
trihydroxyflavonol), resomonn (7 2' 4'-trjhydroxyflavonol), and 5 7 2' 4'- 
tetrahydroxyflavone synthesised by Robinson and Venkata Raman,^* should 
yield similar results with metals Further work is in progress along 
these lines 

The authors wish to thank Prof. T R Seshadri for help and encourage- 
ment during the course of this investigation. 
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The purpose of this paper is to establish a relation between a pencil and 
a range of quadrics and thence deduce the equivalence of two symmetrical 
determinants differing in order by unity 

1 We start with the quadrics -T, {i— 2) of a pencil Let C, C' 

be the enveloping cones of E and E^t having their vertices at the poles P, P' 
of a plane U' w r t E and Ey respectively, it , the cones and the quadrics have 
the same plane of contact U' Now if 27, pass through the twisted quartic 
common to C and C', P' will he on the quadric Ey' reciprocal of E wr t. 
a quadric 27i, for which 27, and 27, are reciprocal We thus arrive at the 
quadrics S', E, of a range 

As P, P' are the vertices of two cones of the pencil of quadrics of 
which St IS a member, the polar plane 77 of P w r t 27, passes through P' 
and IS the polar plane of the line PP' w r t C' The pole of 77 w r t 27, is 
therefore conjugate to P w r t S and in such a case it can be proved that 
77 touches 27' Now the poles of a plane w r t. a range of quadncs he on a 
line, the point of contact of 77 with 27' is therefore found to be P', i ^ , p' 
lies on S', 

2 Let the point^equations of 27, be + 

+ 2 f,y 2 +' +2 ujxt+ • • * = 0 and their tangential equations be 

27, (/, m, n, p) ■ A,/*+ • • +2 F,mn+ +2U,lt+ « 0 with usual 

notations for A„ • , F„ • • , V, 

Consider the equation Q « A S, {x, y, z, t) + S, (x, y, z, 7) • S, — 77'* «= 0 where 
S, stands for S, (a, /?, y, 8) ; 77' ■ xS,« + yS,^ + zS,, + /S,j , 2 S,, ■ 

2 * ‘ Si. A •It 0. Now S, (x, y, z) • S, - 77'* » 0 represents an 

enveloping cone C' of 27, having its vertex at P' (a, fi, y, 8) Suppose the 

* HuAatibtSteml&iVtetaidkrtiietlnMaamatksttfthtPieqab CWwmlOv Mudi 28. 
1941 . 

313 



314 


Sahib Ram Mandan 


quadnc Q = 0 to be a cone C, its discriminant then must vanish, ie, 
a, y, S should satisfy the condition given by the equation Di' = 0 


where 

Aflj — Sin*, S]g,Siy, Aiij-f-i/iSj Sj^Sis 

, Ai»j-|-/)jSj S^|5®, Siy, A»j+»jSi Sx^S|S 

ACj+CiSj — Siy*, Awg+WiSi — SjySxg 

Afl; +flxSx Sjg® 


Again taking the quadric S as AS* (a, v, 7 , /)+ Si (a, z, r) Si=0 
and the plane 11' as U' — 0, we find that the cones C, C' satisfy the conditions 
imposed upon them in §1 Therefore, P' lies on the quadric 2^ whose tangen- 
tial equation will be A Si=0 where A, 

Ai A* 

(ojfa 0) is the discriminant of the quadric S, (x, y, z, t) — 0, i.e., a, P, y, 8 
should satisfy the equation D*' — 0 where 



AA, 

Ai ' 

A* 0 

AH, Hi„ 

A* 

AG, , G, „ 

A'l A* 

AUj , U3 q 

sr"* A.®*' 

a 




AB^ I ®2 c 

A A 


• # 

p 

d;- 





# 

Y 


8 

0 


The two detemmantal equations D,' — 0 arise from the same proposition 
looked Jrom two different angles Hence they must be equivalent, i e , 
D,' a! KD*' This equality can be otherwise* proved immediately and directly 
if Di' be written in the following form (ignoring a multiplicative constant). 



I S*«, Sf^, Sjy, Sjj, 0 1 

and writing A 3= /tSi, it assumes a good symmetric form in both S* and S*. 


* Suggested by the refeiee. 
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3 Further, let E„ be the quadrics as in §2 and consider the quadric 
Q » ASj (x, y, z, 0 + C' = 0 where C' b (x, y, z, t) + 2 ^') 

S„ 77' being as m § 2, ax+ by-\ cz+ dt, ao+ bp+ cy+ d8(s^ 0) 

Now if we call the conic Sj (x, z, 0 0 — as aj, C' - 0 will represent 
the cone C' passing through aj with its vertex at P' (a, /?, y, 8) Suppose 
the quadric Q to be a cone, then its discriminant must vanish, i e , a, y, 8 
should satisfy the condition expressed by the equation D/ - 0 where Di' b 

Aaj+^B^aH A/it+V/aVij +fliSi A^gH -ffiiSi Xut+i/'t"Ui+adSi 

+hS]B), — 1^’a (^SjB '1 flS|y), 1 Sib) 

A*a-|-^B®*i I *®Si 

- 2 bipaSip, 

Again let V (A, B, C, D) be the pole of the plane - 0 w i .t and 
S, (V) B S, (A, B, C, D) , 2 S,A - , . , 0A uA + bB 4 

cC+dD, Cl' B Si ix, y, z, 0 -f [^,Si (V) - 2 (aS,a + + 

+ )]. CVBSg(.v.v,z,0-g^fv-) , 2 :/=Ci'4 + 

0.»2:i', then Q B r ^ where [(S, - Si (V) (J*)*] 

-2^«I;cSib+ •-J^Ma:Sia+ + )1 

Let 0, 0' be the planes 0,=-- 0 and 0,'- 0, n be their common line; 

P be the vertex of the cone Q and 71* be the polar plane of P w r t the 
quadric 3 = 0 Now it is easy to see that the planes P/i* and V/i are harmoni- 
cally coiyugate w.r.t the planes 0 and + g^|v) planes 

0, 0' are separated harmonically by the pairs of planes P'/*, V#t, 77*, P/*; 
0/ + *= Of 0*' ” => 0 as Q ■ ACg' + 0 b*Ci' + 0* ^0*' + 

m 0B0«' and C' « Ci'0b*+ 0«0«' From these results and that C' ■ ' 
0B*ri'-|- 0, ^0/ - It follows that the polar plane ofP' wrt 

the quadric 0 » 77* as the harmonic conjugate of the plane P'/iW.r t 
0 and0«'— 
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Now the quadric S 2 and the cones Q, C' belong to a pencil, therefore 
the polar plane 77 of P w r t 2*2 passes through P' and is the polar plane 
of the line PP'wrt C' The pole of the plane 77 w r t 2i'=0 is hence 
conjugate to P and in such a case it can be proved that 77 touches the quadric 
2', reciprocal of2==0wrt a quadric 2i,' for which 2^' ~ 0 and 2, are 
reciprocal 

Again the quadrics 2=0, 2i'--0 and the cone belong to a pencil, 
C 2 ', being the enveloping cone of with its vertex at V, reciprocates into 
the conic ctj w r t 2'i2 , 2', E^, oi therefore belong to a range The pole of 
the plane 77 w r t being the point where the line PP' meets the point 
of Its contact with 2' will be no other than the point P' Hence P' lies on 
2' whose tangential equation will be 

A [2i (/, m, n, p) 2, -(/2i„ + w2,* -t )*1 , * ^2 (A m, n,p) _^ 

AT 2i ■ +V'. ^ 

'hS 

where 2, = 2, (a, b, c, d) 0) , 2 2„ = , , , i c , a, /5, y, S 

should satisfy the condition expressed by the equation D*' = 0 where D,' =s 


jr (Ai2i - 2, ,2) (H,2, -2,„2„) + (0,2^ - 2,^„) 




2'21. 

‘ A,’ 






• A*’ 


The two determinantal equations D,' — 0 arise from the same proposition 
looked from two different points of view Hence they must be equivalent, 
le, Di'-KD 2 '* 

4 It may be remarked here that if the quadric Q of §3 break into a 
pair of planes, 2=0 must degenerate into a cone with Us vertex on the line 
p and thence E' degenerates into a conic From this result and the preceding 
one we can derive certain properties of the focal comes of a confocal system 
by taking a, as the circle at infinity 

The work for this paper was earned through with the help of a research 
scholarship from the University of the Punjab 

* A Bimiiar analyin can be applied for tbis equality also to prove it directly and imnAediately 
as in 12 

9Si41 ••PrtnMd at Th« Bimialort Preu, BAntftiore Cftri by G Srimvata Rao, Suparlntattdttt 
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/ Introduction 

The phenomena arising when a beam of X-rays traverses a crystal and 
ascnbable to the possible or actual movements of the atoms in it from their 
positions of equilibrium are of very great interest, since their study may be 
expected to throw light on the nature of such atomic movements and also 
on the nature of the interaction between the X-rays and the material 
particles of the medium In the analogous case of a beam of monochro- 
matic light traversing a transparent crystal, the phenomenon of the scatter- 
ing of light with change of frequency first observed by the present writer 
in 1928 renders a direct spectroscopic investigation of the atonuc vibrations 
possible Much light has been recently thrown on the subject of crystal 
physics by such spectroscopic studies Indeed, the new knowledge denved 
in this way necessitates a radical revision of the ideas hitherto accepted 
concerning the dynamics of crystal lattices and the thermal ener^ of crystals 
Further, the optical investigations show very clearly that the interchanges 
of energy and momentum between the radiation and the crystal lattice are 
determined by the principles of the quantum mechanics and not by the 

" 317 


At 


r 



318 


C. V. Raman 


classical ideas Early last year (1940), it was observed by Dr P Nilakantan 
and the present writer that the (111) crystal planes of diamond exhibit mono* 
chromatic X-ray reflections of a new type which are as sharply defined as 
the ordinary or Ldue reflections but which obey a wholly different geometric 
law Further, the intensity of these reflections, though definitely smaller 
than the intensity of the classical X-ray reflections, is of the same order of 
magnitude and is not appreciably altered by either rise or fall of the tempe- 
rature of the crystal These and other observations of a fundamental 
character revealed the existence of a whole group of X-ray phenomena which 
lie outside the scope of the existing theoretical developments of the subject 
It thus becomes necessary to re-examine the assumptions on which the 
existing theories are based and to build a new theoretical structure in better 
accord with facts 

2 The Failure of the Classical Mechanics 

In an essay on the molecular diffraction of light published in 1922, 
the present writer showed that, contrary to the opinion generally held at 
that time, transparent crystals such as quartz, rock-salt and ice traversed 
by a beam of light exhibit a true opalescence or diffusion of light associ- 
ated with the ultimate structure of the crystal This diffusion was provi- 
sionally attributed to the disordering of the crystal lattice by thermal 
agitation The subsequent observation by the present writer that the 
spectrum of the light so scattered by crystals exhibits changes of frequency 
placed a new complexion on the matter The madent hght bemg mono- 
chromatic, frequency differences between the incident and scattered radia- 
tions are observed which fall in the infra-red region of the spectrum and 
are therefore to be identified with certain specific modes of vibration of the 
crystal structure If the appearance of such vibrations m the spectrum 
of the scattered light had been due to thermal agitation m the crystal, it 
would follow from the principles of optics and electrodynamics that 
the radiations of increased and diminished frequencies should appear with 
equal intensity Actually, this is very far from being the case Indeed, 
when the frequency differences are large, we observe only scattered radia- 
tions with diminished and none of increased frequencies These facts 
indicate that the vibrations of the crystal lattice revealed by the spectro- 
scope aic produced or induced by the light itself Further, quantitative 
studies of intensity show that this is the correct view of the matter even if 
such vibrations are of sufficiently low frequency to be appreciably excited 
by thermal agitation The hght induces a step-down or a further step-up 
of the vibration as the case may be, appearmg as scattered hght with increased 
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and diminished frequencies respectively, though with greater intensity corres- 
ponding to the greater amplitude of vibration The facts thus compel ns 
to recognise that the observed scattering of light is in every case associated 
with the changes in the energy level of vibration induced by the light itself 

The spectroscopic evidence thus makes it clear that the scattering of 
light in crystals is a quantum-mechanical effect, the exchanges of energy 
between the photons and the crystal lattice occurring in discrete units or 
quanta of vibrational energy When these units of energy are sufficiently 
small, in other words when the frequencies of mechanical vibration of the 
crystal lattice are sufficiently low, the quantum-mechanical picture of the 
facts tends asymptotically towards the purely classical picture in which the 
scattered light should appear with equal intensity with increased and 
diminished frequencies In other words, the quantum description has a 
classical analogue , the latter, however, bears no resemblance to the facts 
except when the vibrations of the crystal are of very low frequency or the 
temperature of the crystal is very high The lower the temperature of the 
crystal, and the higher the frequency of a particular vibration, the less would 
the actual facts resemble the picture suggested by the classical ideas 

That the propagation of X-rays through a crystal is influenced by the 
atomic vibrations is shown by the diminishing intensity of the spots in a 
Laue pattern when the crystal is heated Numerous physicists, amongst 
them Debye (1914), Brilloum (1922), Waller (1923, 1927), and Laue (1926), 
have considered this problem from a semi-classical point of view Laue in 
his memoir of 1926 drew attention to a very important feature emerging 
from his treatment of the problem, namely that all secondary radiations 
from the crystal, except those appearing as the geometric reflections by the 
lattice planes, suffer a change of frequency The origm of this change of 
frequency is readily understood An atom occupying a fixed position in 
space would naturally emit secondary radiations havmg the same frequency 
as the primary X-ray falling upon it An oscillation of the atom about its 
position of equilibrium would result in a periodic variation of phase of 
such secondary radiation The analysis indicates that the secondary radia- 
tions would then include components, with their frequency increased and 
diminished respectively by the oscillation frequency of the atom These 
components appear with an intensity which rapidly mcreases with the 
amplitude of the atomic vibration, the intensity of the component of 
unmodified frequency diminishing pan passu Laue emphasised that these 
changes of frequency play a fundamental rdle in determming the observed 
optical effects. For, only such radiations as have identically the same 



320 


C. V. Raman 


frequency can be coherent with each other , any difference of frequency how- 
ever small would render coherence impossible A frequency analysis of 
the secondary radiations and therefore also of the atomic vibrations is 
thus a necessary preliminary to a proper investigation of the problem 

Lauc showed that the secondary radiations from the atoms in the 
crystal vibrating with a specified frequency yield a resultant in which the 
components with increased and diminished frequency appear superposed with 
identical intensity The situation is thus exactly similar to that arising in the 
theory of the scattering of light in a crystal when considered classically, 
and it automatically follows that the classical mechanics must also fail in 
the X-ray problem The change over from classical to quantum mechanics 
IS fortunately simple The conservation of energy as between the X-ray 
quantum and the crystal is equivalent classically to a change of frequency 
of the radiation, such change, however, occurnng in one direction or the 
other and not in both at once The conservation of momentum in the 
encounter between the X-ray quantum and the crystal is equivalent classi- 
cally to the usual formula for a monochromatic reflection of incident radia- 
tion by a stratified medium, the stratifications being now dynamic and not 
static The correct intensity for the radiation of modified frequency result- 
ing from the encounter is found by associating one energy quantum of the 
appropriate frequency with each degree of freedom of vibration of the 
crystal lattice The effect of thermal agitation m the crystal enters into the 
quantum mechanical scheme for the X-ray problem in exactly the same way 
as in the parallel problem of the scattering of light 

3 The Vibration Spectrum of a Crystal 

Einstein who was the pioneer m the development of the quantum 
theory of specific heats suggested that the vibrations of the atoms in a solid 
have monochromatic frequenaes and showed how these frequencies could 
be connected with the observed variation of specific heat with temperature 
He also explained how in simple cases the order of magnitude of these 
frequencies could be inferred from the elastic properties of the solid The 
alternative hypothesis put forward by Debye, namely that the frequencies of 
atomic vibration in a solid form a continuous spectrum which may be 
identified with its elastic vibrations, subsequently however found its way 
into general favour The success of the Debye formula in representing the 
course of the specific heat curve in several cases promoted the belief that 
the hypothesis correctly represents the actual vibration spectrum of simple 
solids That this belief is illusory becomes evident on a closer exammation 
of the facts 
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In the first place, it may be pointed out that while a knowledge of the 
vibration spectrum enables us uniquely to determine the specific heat curve, 
it can scarcely be suggested that a knowledge of the specific heat curve enables 
us uniquely to determine the vibration spectrum Indeed, whenever it has 
been possible to make a direct spectroscopic study of the vibration spectrum 
of a solid, the claim of the Debye hypothesis to represent the same is shown 
to be false Taking for instance the case of diamond, the studies of 
Bhagavantam (1930) on the scattering of light in this crystal, and the recent 
investigations of Nayar (1941) on its luminescence at low temperatures show 
the lattice spectrum of diamond to consist of numerous discrete or mono- 
chromatic frequencies, some of them being much smaller than the so-called 
limiting frequency calculated from the Debye formula The spectrum of 
the scattering of light in sulphur and phosphorus similarly exhibits numerous 
discrete lines, including some with very low frequency shifts, indicating that 
most of the degrees of freedom of atomic vibration are repiesentcd by 
monochromatic vibrations as originally pictured by Einstcm The position 
IS equally striking when we consider crystals of apparently simple chemical 
composition, eg, quartz Mr Saksena (1940) has shown by a detailed 
investigation that no less than 24 out of every 27 degrees of freedom are 
represented in the vibration spectrum of this crystal by monochromatic 
frequencies 

It IS known that the Debye formula fails to represent the specific heat 
curves correctly in several cases It may be pointed out that these failures 
are actually more significant than the successes of the formula in other cases 
Elaborate hypothesis have been put forward to explam away these failures, 
overlookmg the simple explanation indicated by the spectroscope, namely, 
that the vibration spectrum of every crystal, however simple in its chemical 
composition, includes several monochromatic frequencies When these fre- 
quencies arc known, the specific heat formula necessarily contains corres- 
ponding Einstein terras, and this involves a reduction (usually very drastic) 
in the number of degrees of freedom allotted to the Debye term, as also of 
its “liimting frequency” In the case of diamond, for example, it is 
shown in a forthcoming paper by Mr V B Anand that the specific heat data 
are perfectly expresssed in this way by the spectroscopically observed frequen- 
cies, only one-eighth of the total number of degrees of freedom being mcluded 
in a term of the Debye type On the other hand, a Debye function alone 
even with an arbitrarily assumed limiting frequency ” shows large deviations 
from the observed specific heats. It may reasonably be inferred that in other 
cases, e g , metallic silicon or grey tin, where the Debye formula altogether 
fails to represent the specific heat data, the cause of failure is the same. 
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namely that the vibration spectrum includes several monochromatic fre- 
quencies. 

Thus, both the spectroscopic and specific heat data show unnustakably 
that the Debye picture of the vibration spectrum of a solid bears no resem- 
blance to the facts, except in the region where it is prima facie appropriate, 
namely in respect of the elastic solid vibrations of the lowest frequencies 
whose wave-length is large compared with the lattice spacings of the crystal 
The maximum possible contribution which such vibrations can make to the 
specific heat of the solid can be found by treating the lattice cell in the 
crystal as a single unit and assigning it three degrees of freedom of trans- 
latory movement All other degrees of freedom of movement are neces- 
sarily associated with monochromatic or Einstein frequencies of vibration 
of the crystal structure Thus, in all crystals, including even those which 
are elementary or of the simplest chemical composition, the vibration 
spectrum is essentially of the type pictured by Einstein, and consists of 
discrete or monochromatic frequencies lying in the infra-red or high-fre- 
quency region This is accompanied in the region of low frequencies by a 
continuous spectrum of elastic vibrations The contribution of the latter 
to the thermal energy would be relatively of minor importance for the 
vast majority of crystals except at the lowest temperatures 

4 Character of the Einstem Vibrations 

We may now proceed to consider the nature of the monochromatic 
vibrations It is evident that they arise from a periodic variation with 
time of the basic grouping of the atoms in the unit cells of the lattice 
Such a vibration obviously cannot be confined to an mdividual cell, for 
its energy would then be rapidly passed on to the neighbouring cells and 
would be immediately damped out We must, in fact, picture the vibrations 
as taking place simultaneously and m identically the same way in all the 
cells of the lattice The frequency of such vibrations as well as their modes 
would be determined by the internal architecture of the crystal, in other 
words by the geometric grouping of the atoms and the forces which they 
exert on each other If the number of the lattice cells be sufiSciently large, 
as would be the case even for a sub-microscopic crystal, these frequencies 
and modes would be wholly independent of the size or shape of the crystal 
The vibrations must, in the limiting case, be pictured as having an identical 
frequency, amplitude, and phase in all the cells of the lattice, as only then 
could the motion be truly monochromatic Any variation in the phase of 
the vibration at different points in the crystal would involve a departure 
from perfect monochromatism, but this would be negligible provided the 
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phase wave-length is sufficiently great to include a large number of lattice 
cells Phase wave-lengths comparable with the dimensions of the lattice 
cells would be altogether excluded, and in general the smaller wave-lengths 
would be much less probable than the larger ones for which the frequency 
is independent of wave-length The possible orientations of the phase waves 
would be determined by the geometry of the atomic grouping and especially 
by Its symmetry characters 

Turning now to the continuous spectrum of elastic or low frequency 
vibrations, the situation here is totally different The atomic structure of 
the solid docs not enter into the picture The possible frequencies of vibra- 
tion are explicitly determined by the macroscopic dimensions of the crystal 
and their relation to the velocity of the wave propagation, the spectrum 
extending continually towards lower frequencies as the dimensions of the 
crystal are enlarged The frequencies vary with the wave-lengths, being 
inversely proportional to them The possible wave-lengths being determined 
by the dimensions of the crystal, it follows from simple geometry that the 
cases in which the wave-lengths are small are much more numerous than 
those in which they are large Further, the orientation of the wave-fronts 
IS entirely arbitrary and bears no relation whatsoever to the symmetry charac- 
ters of the crystal or its atomic architecture 

5 The Fallacy oj the Born Postulate 

As shown in the preceding pages, facts and pimciples alike compel us 
to reject the hypothesis of Debye as a description of the vibration spectrum 
of a crystalline solid except in the restricted region of low frequencies 
We have also seen that these low-frequency vibrations are altogether differ- 
ent in their character from the vibrations of higher frequency lying in the 
infra-red region of the spectrum It follows that any treatment of the prob- 
lems of crystal dynamics based on the concepts of Debye is necessarily 
fallacious It may be remarked that the basic idea underlying Max 
Born's crystal dynamics is essentially the same as that of Debye, namely 
that all the possible vibrations of a crystal lattice are analogous to the 
elastic vibrations, having the same distribution of the phase-waves in respect 
of the wave-lengths and their relation to the size of the crystal, as well as 
an identically similar distribution of the phase waves in respect of orientation 
in space No proof or justification of this postulate seems ever to have been 
put forward The so-called postulate of the “cyclic lattice” is in fact 
nothing more than an ad hoc hypothesis adopted for mathematical conveni- 
ence It is evident that this postulate is in total conflict with the conclu- 
sions at which we have arrived regarding the characters of the mono- 
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chromatic vibrations of the crystal lattice We shall therefore proceed to 
examine the Born postulate critically with reference to its claims to represent 
the actual state of affairs in a crystal 

One of the most remarkable facts brought into evidence by the study 
of the scattering of light in crystals is the extreme sharpness of the lines 
observed*in the spectra of such scattering Even in those few cases where 
the spectrum exhibits bands having an observable breadth, these sharpen 
to the finest lines when the crystal is cooled down to low temperatures A 
perfect monochromatism of the vibrations of the lattice in the infra-red 
region is thus to be regarded as a characteristic property of the crystalline 
state, at least under ideal conditions Not only is this true m respect of 
such vibrations as are also observable with the substance in the molten or 
dissolved condition, but it is equally so in respect of such vibrations as are 
specially characteristic of the crystalline state It is obviously impossible to 
reconcile this situation with the idea that these vibrations are of the same 
nature as the elastic vibrations giving a continuous spectrum of frequencies 

To exhibit the fundamental error in Bom’s postulate, we may consider 
the behaviour of a model consisting of N Planck oscillators of identically 
the same kind regularly arranged in geometnc order inside a box The 
postulate of Born assumes that the dynamic behaviour of these oscillators 
could be represented by a three-dimensional Fourier series whose wave- 
lengths are sub-multiples of the dimensions of the box and in which all the 
terms have equal weight The assumption is, pnma facte, unjustifiable 
because we are not here concerned with possible translatory movements of 
the oscillators which would involve collisions with the walls of the box, but 
only with the internal oscillations of the individual units in fixed positions. 
Accepting the postulate however for a moment, we may consider its imph- 
cations in regard to the behaviour of the oscillators in our model The 
essence of a Fourier representation is that the summation of the terms can 
reproduce the most arbitrary kind of disturbance In the present case, 
since the series contains the full number of terms, namely N, all of which 
have equal weight, it would mean that theu* superposition would result in 
the phases of the individual oscillators being entirely arbitrary and un- 
correlated with each other This is evidently a reductio ad abswdum, since 
such a state of affairs could only exist when the Planck oscillators are 
entirely independent of each other, as would be the case if we were consider- 
ing the molecules of a gas It is a fundamental aspect of the crystalline 
state that the oscillators of which it is composed are coupled to each other 
more or less firmly In diamond, for example, the bonds connecting the 
different lattice cells with each other are exactly of the same kind as those 
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which bind the atoms within the cell The proposition that the internal 
oscillations occurring in the neighbouring cells of the lattice arc uncorrclated 
in phase is thus entirely indefensible Indeed, it would be more reasonable 
to make exactly the contrary assumption, namely that the phases of the 
oscillations in neighbouring cells are so highly correlated with each other 
that to all intents and purposes, the entire piece of diamond functions as 
a single oscillator with N times the statistical weight of a Planck oscillator 
of the same frequency Only on some such view could we hope to under- 
stand the extraordinarily perfect monochromatism of the lattice vibrations 
in diamond 

We may summarise the situation by stating that the Born postulate 
does not represent the true state of affairs in a crystal except in regard to the 
low-frequency elastic vibrations, m which case, of course, it is of no parti- 
cular significance The real state of affairs in a crystal demands that if the 
distribution of phase of the Planck oscillators in a specified volume could 
be represented as a three-dimensional Fourier scries, only the terms which 
have wave-lengths large compared with the lattice spacings and orientations 
specifically related to the geometry of the crystal structure would be allowed, 
while terms with phase wave-lengths of the same order as the lattice spacings 
would be altogether excluded The stronger the atomic forces and the 
tighter the resultant mechanical coupling between the lattice cells, the more 
nearly would we approach a state of affairs in which the entire crystal 
behaves as a single oscillator with N tunes the statistical weight of a Planck 
oscillator of the same frequency 

6 Fundamental Defects of the Existing Theories 

Born's postulate of the cyclic lattice which has been discussed in the 
foregoing pages and shown to be untenable was the basis on which Debye, 
Waller and Laue developed their treatments of the problem of the tempe- 
rature effect in X-ray diffraction. It follows that, quite apart from the 
incompetence of the classical mechanics to deal correctly with the problem, 
these earlier investigations were also otherwise fundamentally defective, 
being in fact based on an erroneous conception of the nature of the vibra- 
tions in a crystal lattice The picture of the X-ray phenomena which they 
present differs radically from the truth, failing as it does to indicate the 
fundamental difference between the low-frequency or contmuous spectrum 
of elastic vibrations and the high-frequency or monochromatic vibrations 
in the infra-red, in respect of the X-ray effects to which they give nse 
This IS not surprising as the theories start from the assumption that these 
modes of vibration are essentially similar. 
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To make the foregoing points clear, we proceed to show from first 
principles how essentially the X-ray effects due to these two types of vibration 
of the lattice must differ We shall consider first the elastic vibrations of 
the crystal lattice These involve translatory movements of the lattice cells 
of the crystal from their positions of equihbnum. It is evident that if there 
are N lattice cells in the crystal, such translations would mvolve 3 N degrees 
of freedom They may therefore be regarded as due to the superposition of 
3 N sets of elastic waves of all the possible wave-lengths and frequencies, 
these having equal weight It follows that the movements of any individual 
cell resulting from such superposition would be uncorrelated with that of 
any other lattice cell in the crystal Hence, the secondary radiations of 
modified frequency sent out from the individual cells would be incoherent 
In other words, the elastic vibrations would result in a secondary radia- 
tion of which the aggregate intensity is proportional to the number of 
lattice cells and which is in the nature of a diffuse or scattered radiation 
This argument is not invalidated by the fact that the oscillation of a parti- 
cular frequency expressed by one of the terms in the Fourier representation 
has a specifiable phase-relation in respect of the different lattice cells The 
contradiction disappears when we remember that the number of degrees of 
freedom allotted to a particular frequency in a contmuous spectrum is only 
one out of the very large number N Hence, in spite of the fact that an 
elastic vibration of a specified frequency may be considered to be a cohe- 
rent type of oscillation, the effect of all such vibrations taken together is 
essentially an incoherent radiation or diffuse scattering of which the intensity 
IS proportional to N the number of lattice cells and not to N* 

The position is entirely different when we consider the monochromatic 
vibrations of the lattice cells The monochromatism implies that all the 
N degrees of freedom refer to a single mode of oscillation, which m the 
limiting case is pictured as having identically the same frequency, amplitude 
and phase in all the lattice cells of the crystal The movements of the 
atoms within a cell results in secondary radiations from the atoms, and 
therefore also from the cells, possessing components of modified frequency 
The identity of the oscillation in all the lattice cells ensures that these second- 
ary radiations received at any external point have coherent phase-relation- 
ships Hence, these are capable, exactly as in the case of the secondary 
radiations of unmodified frequency, of giving nse to interference effects 
Indeed, it is clear that they would result in a geometric rtfiectUm of the X-rays 
by the lattice planes of the crystal but mth modified frequency. In the 
limiting case when all the cells vibrate in identical phase, the direction in 
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which this modified geometric reflection would appear is the same as that 
of unmodified reflection 

We thus see that the elastic vibrations of the sohd and the infra-red 
vibrations of the lattice cells give rise to X-ray effects which are fundament- 
ally different and which, in fact, portray in a geometric form the radically 
different spectroscopic characters of the two modes of vibration The 
clastic vibrations give a diffuse scattering of the incident X-rays with an 
intensity proportional to N, the number of lattice cells, while the infra-rcd 
vibrations give geometric reflections of altered frequency of which the 
intensity (subject to the same limitations as in the case of the unmodified 
reflections) is proportional to N® It will be noticed that these results are 
consequential on our rejection of the Born postulate Had the latter been 
valid, both types of vibration would have given a diffuse scattering propor- 
tional to N, the number of lattice cells, this, in fact, is the result emerging 
from the investigations of Debye, Waller and Laue, except that the actual 
result due to the elastic vibrations appears exaggerated in their papers by the 
assignment to them of 3 p N degrees of freedom instead of 3 N the correct 
number, p being the number of atoms in the unit cell of the lattice That 
the internal vibrations within the lattice cells are not considered at all 
IS clear from Laue's memoir where the positions of the atoms within the unit 
cell are explicitly regarded as constants 

7 Quantum Reflection of X-Rays 

The preceding discussion enables us to proceed further and give a quanti- 
tative picture of the geometric reflection of X-rays by the lattice planes 
of a crystal with altered frequency We consider the individual cells of the 
crystal lattice as Planck oscillators of frequency v*, so that, when excited, 
the energy of each oscillator is hv* An oscillation with this energy would 
result in the atoms in the cell being set in vibration such that the sum total 
of their kinetic energies in passing through the position of equilibrium is 
equal to hv* We then write down the expressions for the secondary radia- 
tions of various frequencies from each of the atoms in the cell These arc 
then summed up in the usual way, taking the positions of the atoms into 
account, to find the structure factor of the lattice cell This is done sepa- 
rately for each of the different frequencies of secondary radiation If the 
frequency v* is sufficiently high in relation to the temperature of the crystal, 
in other words, if hv*^kT, it is sufficient to consider only the component 
ha ving the primary or unmodified frequency v and the component with 
diminished frequency (v- v*) Assuming that the setting of the crystal is 
such that the Laue conditions are satisfied for a particular set of lattice 
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planes, it would follow that the primary X-rays of frequency v would then 
be reflected by these planes Simultaneously, the modified radiations of 
frequency (v~ v*) would also be reflected by the same planes and in the 
same direction, provided we assume that the phase of the vibration of 
frequency v* is the same for all the cells in the crystal The intensity of the 
modified reflection of frequency ( v — v*) would be determined by the dynamic 
structure factor of the lattice cell, in exactly the same way that the intensity 
of the unmodified reflection of frequency v is determined by the static 
structure factor 

it will be noticed that this argument assumes that each of the N cells 
of the lattice is excited with an energy hv* It might seem at first sight that 
this would involve the entire crystal abstracting an energy Nhv* from the 
energy hv of the incident X-ray photon, which of course, is impossible, 
besides being inconsistent with the assumed frequency (v— v*) of the 
reflection Actually, all that the argument assumes is that the crystal 
functions as a single oscillator of frequency v* but with a statistical weight 
N times greater than that of a single lattice cell This of course is only 
possible when all the cells vibrate in identically the same way, as is actually 
assumed in the argument The intensity of the reflection calculated in this 
way would be the maximum possible It may be regarded as an estimate 
of intensity to be expected in the most favourable setting of the 
crystal, viz , when the Laue conditions are satisfied also for the unmodified 
reflection It may be emphasized that the quantum reflection is the result 
of a transition of the crystal from the ground state to a higher energy level 
of vibration, the energy required for the transition being derived from the 
incident radiations themselves and not from the energy of the thermal agita- 
tion of the crystal Indeed m the circumstances considered, namely when 
/iv* >/cT, thermal agitation is non-existent and can therefore play no part 
in the phenomenon It may be remarked also that the so-called zero point 
energy which finds a place in the earUer semi-classical investigations of the 
X-ray problem becomes irrelevant from our present point of view 

8 Quantum Scattering of X-Rays 

We now proceed to consider the X-ray effects arising from the elastic 
or low-frequency vibrations of the crystal lattice As already remarked, 
these vibrations displace the lattice cells as a whole from their positions of 
equilibrium Considering an elastic vibration of a particular wave-length, 
wf notice that the stratifications in the medium arising from it are of two 
distinct kinds Firstly, the elastic wave may itself, if it be of the longitudinal 
type, be regarded as a periodic stratification of electron density in a medium 
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which may otherwise be considered as uniform This view of the matter 
IS appropriate when we are concerned with stratifications with a spacing 
greater than the largest grating intervals in the crystal Secondly, the 
elastic waves, more particularly those of the transver'c type, disturb the 
regular arrangement of the lattice cells, so that the structure amplitudes 
of the crystal plane arc diminished and, per contra, new dynamic stratifi- 
cations are created due to the superposition of the elastic waves and the 
static crystal planes. This is the point of view developed in detail in Lauc's 
memoir The scattering of the X-rays by cither of the processes indicated 
would necessarily involve a change of frequency The scattering by the elastic 
waves themselves would appear in directions making smaller angles with the 
primary X-ray beam (assumed to be monochromatic) than the scattering due 
to their combinations with the crystal spacings The two effects together 
give the background or diffuse scattering of X-rays by the crystal 

Since the elastic vibrations are of relatnely low frequency, the situa- 
tion may be represented in the majority of such cases by the inequality 
hv* ■^kT, V* being the frequency of clastic vibration When this is the 
case, the results to be expected from the classical and quantum theories 
would be identical In other words, the effects observed may be described 
as the result of each of the elastic modes of vibration possessing an energy 
kT, the scattered radiations appearing with equal intensity in the two 
frequencies (v ± v*) It must not be assumed, however, that a treatment 
on these lines would represent the facts of X-ray scattering in every case 
Whenever the elastic frequency v* under consideration is high or the tempe- 
rature T of the crystal is low so that Av* > kT, the situation would be 
reversed The intensity of X-ray scattering would then be the result of 
assigning an energy hv* to each vibration, and it follows that it would then 
be much greater than that given by the classical considerations Since the 
energy is abstracted from the incident quantum, the scattered radiation 
would then appear only with diminished frequency (v — v*) It is evident 
also that the semi-classical considerations based on the Planck specific heat 
formula and the existence of zero point energy of the kind which figure 
in the earlier X-ray investigations cannot describe the situation correctly 
and are therefore irrelevant 

P Characters of the Two Effects 

It 18 evident from the foregoing discussion that the effects ansing respect- 
ively from the vibrations in the infra-red and the elastic ranges of frequency 
are entirely different Numerous entena present themselves which make 
It possible to distinguish the one from the other 
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Firstly — The geometric distribution of the secondary X-radiations is 
widely different in the two cases, being a regular reflection of the incident 
X-rays by the lattice planes in one case and a diffuse scattering in the other 
The influence of the setting of the crystal on the two phenomena is deter- 
mined by considerations of a wholly distinct kind and should therefore 
also be quite different 

Secondly — The intensity in one case is proportional to N®, viz, the 
square of the number of effective lattice cells and in the other case to N. 
Variations of the thickness of the crystal plate and of the cross-section of 
the X-ray beam traversing it would therefore influence the two phenomena 
in entirely different ways 

Thirdly — ^The dynamic structure amplitudes for the quantum reflec- 
tions arc determined by the modes of atomic vibration and are not neces- 
sarily proportional to the static structure amplitudes It is quite possible, 
for instance, that the dynamic structure amplitude for a particular set of 
crystal planes is zero while the static structure amplitude for the same planes 
IS finite, or vice versa In other words, the intensities of the classical and 
quantum reflections by any given set of crystal planes are not necessarily 
proportional to each other Such a situation cannot rise m the quantum 
scattering of the X-rays, as this is due to the simple translatory movements 
of the lattice cells 

Fourthly — Since the two phenomena arise from vibrations of the crystal 
lattice lying in widely different ranges of frequency, their intensity vanations 
with temperature would be markedly different In either case, a fimte 
limiting intensity would be reached at low temperatures, but this would be 
far greater relatively to the intensity at ordinary temperatures for the infra- 
red vibrations than for the elastic ones 

Fifthly — ^The characters of the quantum reflections and their variation 
with physical conditions such as temperature should exhibit a close corre- 
lation with the spectroscopic behaviour of the substance in the infra-red 
region , the quantum scattering, on the other hand, should show a correlation 
with the elastic behaviour of the substance 

Sixthly —Tht changes of frequency, if directly observable, would 
naturally be much greater for the quantum reflections than for the quantum 
scattering 

10 Summary 

The paper examines the views generally current at the present time 
regarding the nature of the vibrations possible in a crystal lattice which 



The Quantum Theory of X-Ray Reflection : Sastc Ideas 331 

are based largely on the specific heat theory of Debye and the crystal 
dynamics of Max Born and his school The latter has for its starting point 
the so-called postulate of the “ cyclic lattice” It is here shown that this 
postulate IS an ad hoc supposition adopted for mathematical convenience 
and that, far from being justifiable, its consequences are definitely contra- 
dicted by the known spectroscopic behaviour of crystals and that it is also 
contrary to the dynamic behaviour which should be expected from a set 
of coupled Planck oscillatois such as the lattice cells of a crystal constitute 
It IS also shown that the modes of vibration of the elastic type forming 
a continuous spectrum and the modes of vibration having discrete or mono- 
chromatic frequencies in the infra-red region have fundamentally different 
dynamic characters Starting from the proposition established by Laue 
that the secondary X-radiation from an oscillating atom exhibits components 
of modified frequency, it is shown how the resultant effects of the secondary 
radiations of modified frequency due respectively to these two types of vibra- 
tion can be evaluated It is shown further that the infra-red vibrations result 
in geometric reflections by the lattice planes of the crystal but with altered 
frequency, their intensity (subject to the same limitations as for the classical 
reflections) being proportional to N*, that is, to the square of the number 
of lattice cells in the crystal On the other hand, the elastic vibrations of low 
frequency give a diffuse scattering of the X-rays of which the intensity is 
proportional to N As both these effects involve changes of frequency, the 
classical mechanics is incompetent to describe them correctly, and has 
therefore to be replaced by quantum-mechanical considerations It is 
shown how this can be done quantitatively The temperature dependence 
of both these effects is discussed Finally, numerous experimental cnteria 
are presented distinguishing the two effects which should prevent them 
from being mistaken for each other 
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1 Introduction 

As was pointed out by Laue (1926), the secondary radiations from the atoms 
in a crystal traversed by a monochromatic beam of X-rays suffer changes of 
frequency when the atoms oscillate about their positions of eqmlibnum 
These changes of frequency play a fundamental rdle in determimng the 
observed X-ray phenomena For, the superposition of radiations which differ 
in frequency cannot give rise to observable interferences, while, on the other 
hand, secondary radiations of identical frequency are necessarily coherent 
and capable of interfering with each other even if the frequency differs from 
the prunary X-ray frequency Accordingly, if we fix our attention on a 
particular mode of vibration of the atoms in a crystal, the radiations of altered 
frequency arising therefrom can give rise to interference maxima in just the 
same way as the radiations from stationary atoms It follows also, that 
if several vibrations co-exist in a crystal, each set of secondary radiations of 
different frequency thus arising would produce its own interference maxima 
independently of the others If, further, the individual vibrations are of 
infinitesimal amplitude, a considerable simplification becomes possible. 
For, then each vibration may be regarded as giving rise to its own secondary 
radiations and actmg independently of all the others, provided its frequency 
IS different from theirs This statement, however, requires some qualifica- 
tion when the excursions of the atoms about thdr positions of equihbnum 

332 



Quantum Theory of X'Ray RefleclioK MathematiceU Formulatton 333 


resulting from the totality of all the vibrations present have a finite ampli- 
tude For, the total radiation amplitude of an atom is fixed and is equal to 
the superposed radiation amplitudes of various frequencies Hence, the 
radiation amplitude due to any particular vibration fiequency would naturally 
be less than it would be in the absence of all the others It is evident also 
that as the atomic excursions increase, the strength of the secondary radiations 
of the original or primary X-ray frequency and of the interference maxima to 
which they give rise must progressively dimmish, finally tending to zero 

The elastic or low-frequency modes of vibration have a continuous 
spectrum of frequencies and hence, as explained above, the optical effects 
of each vibration should be considered separately Since the energy corres- 
ponding to a particular frequency is small and is further distributed over all 
the atoms in the crystal, the resulting atomic amplitudes are exceedingly 
small Hence, the secondary radiations due to these separate vibrations arc 
exceedingly weak, and since they are incoherent, their intensities and not their 
amplitudes should be added In the final result, therefore, we have an effect 
which IS inherently feeble and which can only become important when a 
large volume of the crystal is under consideration 

The position is different when we consider the effect of modes of vibra- 
tion of the crystal which appear as monochromatic frequencies in its infra-red 
spectrum Each such line in the spectrum represents N co-existent modes of 
vibration, where N is the number of the lattice cells in the crystal In the 
ideal case when all the N modes are of identical frequency, it is evident that 
the secondary radiations of altered frequency due to these co-cxisting modes 
would all be coherent and must therefore be considered together and not 
separately It is evident, therefore, that the vibrations of the infra-red type 
can give rise to effects of an altogether higher order of intensity than the 
elastic vibrations considered above This result has already been deduced 
in an earlier paper from a consideration of the phase relations subsisting 
between the lattice cells in a crystal in an infra-red vibration Its possibihty. 
It may be remarked, is consequential on our rejection of the ideas of Debye 
and Born regarding the nature of the high frequency vibrations in a crystal 
lattice, and especially of the so-called postulate of the “ cyclic lattice ” due 
to Born which we have considered in detail and shown to be untenable 
It should be noted that the elastic and infra-red modes of vibration of a 
crystal also differ in other respects In the former case, the basic grouping of 
the atoms in the lattice cells remains unaltered, while in the latter, it is to be 
regarded as essentially a variable Then again, the wave-fronts of an elastic 
vibration may have any possible orientation within the crystal, while for the 
infra-red vibrations, there is prma facie no reason for assunung that this 
As r 
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should be the case It has also to be remembered that the elastic vibrations 
are of lower frequency than the infra-red ones , this makes a considerable 
difference in considering the influence of thermal agitation in the two cases 
As already explained in the preceding paper, the recognition of the changes 
of frequency, the importance of which was first emphasised by Laue. leads us 
naturally to bring the X-ray problem within the scope of the quantum theory 
of radiation It also makes the transition from the classical to the quantum 
mechanical considerations very simple The changes of frequency indicated 
by the classical electrodynamics appear in the quantum theory as the result 
of exchanges of energy between the quantum and the crystal lattice Similarly, 
the Laue conditions for a dynamic reflection are the same as those 
required for the conservation of momentum in the encounter between the 
quantum and the crystal The principal difference between the classical and 
quantum points of view is in regard to the question of the absolute intensity 
of the secondary radiations and its dependence on temperature Here, the 
quantum mechanical considerations replace such incorrect applications of 
the quantum theory to X-ray physics as arc usually made by introducing the 
Planck factor and the zero point energy, neither of which is really relevant 
when considering the exchanges of energy betwen matter and radiation. 


2 Secondary Radiations from an Oscillating Atom 

Under the influence of waves of unit amplitude, an atom emits secondary 
radiations which at a distance R from the origin of co-ordinates and in a 
direction making an angle 20 with the primary ray have the amplitude 




( 1 ) 


where O is the perpendicular distance of the atom from a reference plane 
through the origin bisecting the angle between the primary and secondary 
rays, / is the atomic structure factor, and the angle between the electric 
vector in the incident pencil and the diffracted ray It is evident that this 
expression would remain invariable if the atom moves parallel to the reference 
plane but would alter periodically if it oscillates perpendicular to it 
Writing 

D=</+aC0S(24r +2) (2) 

the periodic part of (1) may be written as 

cos [2wvi— Z— C cos (2 ir v*t + 2 )] (3) 

where 

_ 2»(R-f 2</sin 0) - 4frasin0 

^ , { = — ^ (4) 

The expression (3) may be expanded in a swies of Bessel functions. Neglecting 
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the functions of higher order than the first, it may be written as 

Jo (0 cos (2 »rv t- Z) + Jj (^) sin [2-n{v±v*)t- Z±z] (5) 

The three quantities Z, { and z appearing in (5) are all phase angles Z is the 
phase of the secondary radiation from the atom when it is in the position of 
equilibrium, 5 the change of this phase produced by displacing the atom 
through a distance a in a direction normal to the reference plane, and z is the 
phase of the atomic vibration Expression (5) indicates that the secondary 
radiation from the oscillating atom consists of three components whose 
ampbtudes depend on the amplitude of the oscillation and which differ in 
frequency and phase The first component has the frequency v of the primary 
X-rays and its phase is determined solely by the equilibrium position of the 
atom Its amplitude has however been diminished by the movement of the 
atom in the ratio Jq ({) 1 The second and third components have the 
same amplitude, namely Jj (J), but they differ in frequency and phase The 
component (v+ v*) has a phase angle (Z— z), while the component (v — v*) 
has a phase angle (Z -f- z) The secondary radiations of altered frequency 
thus increase in amplitude with increasing vigour of the atomic vibration, 
while their phases are determined jointly by the atomic positions and the 
phase of the atomic vibrations The equality of the amplitudes of the 
components of increased and diminished frequency indicated by (5) is a 
typical consequence of the classical electrodynamics which will later 
be amended in the light of quantum mechanics 

3 Dynamic Stratifications of Density 

We may now proceed to deduce the optical effect of all the atoms vibrat- 
ing with the same frequency but with a phase which may be assumed to vary 
slowly from place to place within the crystal For the purpose of a graphical 
derivation of the conditions for interference, it is not necessary at the present 
stage to distinguish between the elastic and infra-red modes of vibration We 
consider a particular set of lattice planes in the crystal marked ddd m the 
figure 
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It IS evident that for any given setting of the crystal the phase of the 
secondary radiations as received at a distance will vary from point to point 
within the crystal In respect of the secondary radiations of unmodified 
frequency, this phase is given by Z Hence, to obtain the maximum 
resultant intensity, Z must be invariable along a crystal plane and jump by 
2 V or an integral multiple thereof, as we pass from plane to plane In other 
words, the planes ddd should make equal angles with the incident and 
diffracted rays, and their spacing d should satisfy the relation 

Idsmde-^X ( 6 ) 

This IS the familiar optical formula for a monochromatic reflection from a 
regularly stratified medium d^. indicates the glancing angle for a classical or 
unmodified reflection 

Considering now the secondary radiations of altered frequency, we see 
that their resultant is determined by the variation of (Z— z) in one case and 
of (Z + z) in the other Let Ad dm the figure represent the planes along 
which the phases of the atomic vibrations, in other words the values of z, are 
constant In order to obtain the maximum intensity for the resultant of the 
secondary radiations, the crystal should be so set that (Z — z) or (Z+z) as 
the case may be, is constant along the lattice planes , it is evident from the 
figure that this would be the case if the setting of the crystal is such that the 
incident and diffracted rays are equally inclined to the planes which run 
diagonally cutting the ddd and ddd planes, e g , d*d*d* as shown in 
Fig 1 For obtaining the maximum intensity, a further condition must be 
satisfied, namely 

2d* sin ^=: A, (7) 

where 0 is, as before, half the angle between the incident and diffracted 
rays It is evident from the figure that there are two sets of diagonal planes 
possible But the same set will satisfy equation (7) for both the frequency 
components (v+ v*) and (v— v*), provided that we assume the phase 
angle Z advances in one case and recedes in the other case as we move across 
the figure The diagonal planes d* d* d* thus represent the dynaimc strati- 
fications of electronic density resulting from the vibrations of the atoms con- 
tained in the lattice planes of the crystal As the phase waves ddd move 
from left to right, the dynamic stratifications d*d*d* move upwards, 
keeping a constant spacing, while if the i^se waves ddd move from 
right to left, the spacings d*d*d* move downwards in the same way The 
changes of frequency from v to (v v*) may thus be regarded as analogous 
to the Doppler effect in the reflection from a moving mirror 
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4, Geometric Law of Dynamic Ruction 

The spacing d* of the dynamic statifications is connected with the 
spacing d of the static ones and the phase-wave length d of the atomic vibra- 
tions by the vectorial relation, 


d* d^d' 


( 8 ) 


This IS readily deduced by writing down the vectorial equation represented 
by the three sides of one of the triangles appearing in Fig 1 and dividing the 
same by the area of the triangle Denoting by ^ the angle between the planes 
ddd and the phase waves Add, and by e the angle between the planes 
ddd and d*d*d*, we have from Fig 1 and equation (8) 

d* sin 9= d sin (# ± «) = d sin « (9) 

Substituting the first of these relations in (7), we obtain 

2 d sin ^ sin c) = A sin 9 (10) 

Equation (10) is the general geometric law of dynamic reflection deduced 
by Raman and Nath (1940) It will be noticed from (9) that when the phase 
wave-length d is infinite, e = 0 and d* </, from which it follows that 

0; In other words, the static and dynamic reflections then comcide in 
direction This is also obvious directly from Fig 1 In general, however, d* 
and dare different, and the conditions for the possibility of static and dynamic 
reflections are not the same. While a static reflection can only occur at the 
particular setting of the crystal indicated by (6), a dynamic reflection is evi- 
dently possible over a wide range of settings of the crystal deternuned by the 
permissible values of the phase wave-length d It is further to be remarked 
that while the glancing angles of incidence and reflection are equal for the 
static reflections given by (6), these angles when measured as usual with 
reference to the static crystal planes would generally differ from each other 
for the dynamic reflections Further, the latter reflections would in general 
appear in a plane different from that of the incidence of the X-rays on the 
crystal spacings. To specify the actual plane of dynamic reflection, it is 
necessary to know the angle x which detenmnes the azimuth of the phase 
waves. We may put X » 0 in the case when the dynamic rdlection appears 
in the plane of incidence, the phase waves then being evidently perpendicular 
to that plane. When 0, the dynamic reflecbon swings out of the plane 
of incidence to an extent determined by the values of d, # and X 

In the particular case when x == 0, it is evident that 

and that 0«2c, (jl) 

A2« 
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where 6 and ^ are respectively the glancing angles of incidence and dynamic 
reflection measured as usual from the crystal planes Equation (10) may 
then be written as 

2 d sin sin ± ^ sin ^ (12) 

The value of 4> then depends on the angle 9 If we imagine & to march from 
0 to equation (12) shows that the relation between ^ and 0 will alter from 

^’=‘9, when # = 0 or w (13) 

to 

d (sin 9 + sin 4>) ~ A, when ^ t 

Thus, when the phase waves are parallel to the crystal planes, the- dynamic 
reflection always satisfies the ordinary geometnc law of reflection from the 
crystal planes, while if the phase waves are transverse to the crystal planes. 
It appears in the direction given by (14) which may be written approximately 
as 

2</sin^^=A (15) 

thereby indicating that the angle between the incident and reflected rays is 
approximately constant and independent of the crystal setting 

5 Dynamic Structure Factor 

To find the conjoint effect of the secondary radiations from all the atoms 
in the unit cell of the lattice, we have to sum them up considering each com* 
ponent of frequency separately. This summation for the radiations having 
the primary X*ray frequency gives (omitting constant factors), 

^0 (C^) (2 V t — Z^) (16) 

9 

The summation for the secondary radiations of frequency (v± v*) similarly 
gives 

Sjp Ji Up) sin [2 IT (v ± V*) t- Z/ ± z/] (17) 

9 

the index p referring to the^th atom in the cell, and the dashes m (17) mdicat* 
mg that the setting of the crystal and the angle of diffraction are not neces* 
sarily the same as those considered in (16). Remembering, however, the 
conditions for a dynamic reflection discussed in the foregoing section, namely 
that Z ±z should be constant along any particular lattice plane, we may 
simplify (17) and write it in the form 

Sj/ h Up) sm [2n(v± V*) t - Z,] 


( 18 ) 
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Zp having now the same significance as in (16) for a static reflection by the 
same set of lattice planes A further simplification arises when the 
between the primary and diffracted radiations does not differ greatly for (16) 
and (18) We may then write, approximately, ;/ ^jp If, further, the setting 
of the crystal in the two cases is not so greatly different, we may also write, 
= Cpt as an approximation Subject to the restrictions indicated, (17) 
now takes the form 

Ji ({^) sm [2 »r (v .. V*) t- Zp] (19) 

9 

The static structure factor of the unit cell as influenced by the particular 
vibration may therefore be evaluated by diminishing the structure factor of 
each atom in the ratio (Cp) to unity At the same time, the lattice cell 
acquires a dynamic structure factor which is found in exactly the same 
way except that the structure factor of each atom is now multiplied by 
Ji(W 

Very significant differences now arise in considering respectively the 
elastic and the infra-red vibrations For the elastic vibrations, Cp is the same 
for all the atoms in the unit cell The suffix p may therefore be removed and 
the Bessel functions taken outside the summation sign For an elastic vibra- 
tion, therefore, the static and dynamic reflections may be evaluated from the 
expressions 

Jo (0 ^ cos (2 IT V / — Z^) (20) 

Zfp%m{2v{v±v*)t~Zp] ( 21 ) 

9 

The static and dynamic structure factors in the case of an elastic vibration 
thus differ only by a multiplying factor which is the same for all the atoms in 
the unit cell Thus, if a particular set of crystal planes gives zero intensity for 
a particular order of reflection, the dynaimc reflections for the same planes 
and the same order of reflection must also vanish The dynamic reflections 
by different sets of crystal planes would follow the same order of intensity 
as the static reflections by those planes, provided the amplitude of the elastic 
vibrations transverse to the planes may be assumed to be the same. A 
similar remark would also apply to the relative intensities of the successive 
orders of reflection by a particular set of planes, except that the factor Jo ({) 
diminishes while the factor Jj ({) increases as the angle of diffraction becomes 
larger, vu/e equation (4) 

The position is greatly altered when we consider the infra-red vibrations 
of the lattice Here, the displacements being different for the different atoms, 
the factors (C^) and Jt ({^) must remain within the summation signs. Some 
of the atoms in the lattice cell must evidently move in directions opposite to 
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the others if the centre of gravity of the cell is to remain undisplaced He^nce 
■li (Cp) would be positive for some of the atoms and negative for the others in 
an infra-red vibration, while on the other hand Jo (C^) would always be positive 
and nearly equal to unity It follows that the static and dynamic structure 
factors for an infra-red vibration are determined by quite different considera- 
tions and cannot, in general, exhibit the close parallelism indicated by the 
theory for the elastic vibrations Indeed, it may well happen that in parti- 
cular cases, the static structure factor vanishes while the dynamic structure 
factor remains finite, or vice versa 

6 Quantum Scattering by Elastic Vibrations 

The disturbance produced by an elastic vibration on X-ray propagation 
IS of two kinds Firstly, a compressional wave would evidently alter the 
average electronic density It is thus itself a dynamic stratification of the 
medium capable of reflecting the X-rays with a frequency (v ± v*), increased 
or decreas^ as the case may be, depending on the direction of the wave 
Such a reflection occurs when 

2^sin^a=A, (22) 

large values of d corresponding to small values of and vice versa Thus, 
since 4 may have any one of a practically continuous series of values deter- 
mined by the dimensions of the crystal, and since the onentation of the wave 
IS arbitrary, the reflection indicated by equation (22) would result in a cone 
of scattered X-rays (the Bnllouin cone) having the direction of the primary 
beam as its axis The angular extension of the cone depends on the smallest 
permissible values of 4. The intensity of such scattering would depend on 
the energy of the vibration and the resulting variation of electron density 
On the classical mechanics, the energy of an elastic vibration of thermal 
origin may be taken as KT, while if the wave is quantum-mechanically excited 
by the incident radiation, the energy would he hv* The latter assumption 
would be the appropriate one to make if flv*>KT, while if Av*<KT, the 
former assumption would be correct. This type of X-ray scattering should 
therefore be exhibited by crystals even at the lowest temperatures and in the 
absence of thermal agitation, and especially by crystals of high elasticity, 
e g , diamond We should expect the intensity of the X-ray scattenng by 
such crystals to be greater than that indicated by the classical considerations 
even at ordinary temperatures 

The second kind of disturbance to X-ray propagation arises from the 
distortions which the elastic waves cause to the regular stratifications of the 
crystal structure The formulse of the three preceding sections enable us to 
evaluate these effects quantitatively in a very simple manner As explained 
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in Section 3 and illustrated in Fig 1 , the superposition of an elastic vibration 
on a specified set of crystal planes gives rise to dynamic stratifications of 
density As further explained in Section 4, these stratifications reflect the inci- 
dent X-rays in the direction given by the general geometric law (10) The 
intensity of such reflection is determined by the dynamic structure factor as 
explained in Section S 

Considering the direction in which the so-called dynamic reflection 
appears, it is evident from equations (9) and (10) that this depends on the 
wave-length the angle ^ which the wave-fronts make with the crystal 
spacings, and also upon the azimuth X of the wave-fronts A variation of X 
would throw the dynamic reflection out of the plane of incidence, while if 
X -- 0, the reflection would appear in that plane A dynamic reflection is 
only possible when the X-ray wave-length, the dynamic spacing d* and the 
glancing angle ^ of incidence of the X-rays thereon are suitably related But 
since we have at our disposal two variables, namely d and we may, as is 
evident from Fig 1, by suitably altering both of them get a dynamic reflection 
in any desired direction In other words, the resultant effect of all the elastic 
vibrations is a diffuse scattering of the X-rays over a wide range of solid angles 
and not a geometric reflection in any specified direction 

To find the X-ray scattering due to any particular set of crystal planes, 
we have only to evaluate the two expressions (20) and (21) given previously* 
Their magnitudes are in the ratio Jo (f) Ji (0 If I be sufliciently small, 
Jo (C) IS practically unity while Ji (£) would be equal to i J If m be the mass* 
of an unit cell of the lattice, the energy of vibration of N such cells, each having 
an amplitude o with a frequency v* would be 2ir» mNo*v** This may be 
wntten in the form 2Tr* Ma**a*/^‘, where M is the mass of the whole 
crystal, a is the velocity of the elastic waves and J is their wave-length 
Utilising equations (4), (7) and (9), we may write this in the simple form 
J {• Ma* sin* «/sin*d ( 23 ) 

This may now be put equal to KT (classical mechanics) Accordingly, we have 
i {* * KT/Ma* sin*#/sm* c ( 24 ) 

Equation (24) gives the ratio of the sum of the squares of the dynamic struc- 
ture factors to the square of the static structure factor It is evidently of the 
order 1/N and is thus an exceedingly small quantity The X-ray scattering 
in any specified direction due to the distortion of the crystal planes by the 
elastic waves is therefore of vanishingly small intensity in comparison with the 
intensity of regular reflection by the same crystal planes and should be 
unobservable except when relatively large volumes of the crystal are under 
consideration. 


XT 
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The numerical factor sin>9/sin‘c appearing in equation (24) determines 
the manner in which the intensity of the scattered radiation vanes with direc- 
tion It may be written also as d where A and d* have the same signi- 
ficance as in equation (8) Thus the intensity of the scattenng would be 
greatest in those directions for which the wave-length A of the elastic waves 
which effectively scatter the X-rays is greatest This vanation arises because 
the amplitude of the elastic waves is directly proportional to their wave-length, 
and the scattering is therefore greatest in the directions in which the waves of 
longest wave-length and lowest frequency are effective The nature of the 
variation can be readily made out from Fig 2, which represents the 
geometric relation between 1 jd, I jd* and 1/d given by equation (8), as also the 
relation between 1 jd*, 1 /A and sin ^ expressed by equation (7) 



Dntnbuiion of Intensity of Diffuse X-Ray Scattenng 
Spheres arc drawn (sections of which by the plane of the figure appear as 
circles) round the terminus of the vector 1/d and with radii 1/d , points on 
the spheres represent various values and orientations of the vector 1/d drawn 
from their common centre The spheres are drawn closely together near their 
centre and further away at a distance from it to suggest the rapid diminution 
of the amplitude of the elastic waves with diminishing wave-length A sphere 
of reflection is drawn with radius 1/A around O as centre It cuts across 
the “ spheres of diffusion " having the radii 1/d and the scattered radiations 
would therefore appear over the entire area of the sphere of reflection 
thus cut by the spheres of diffusion When the sphere of reflection 
actually passes through the terminus of the vector 1/d, the maximum 
of scattering intensity would fall on the sphere itself, but as it would 
then coincide with the regular reflection, the maximum would be un- 
observable In other cases, the scattenng would show a very broad 
and diffuse maximum of intensity corresponding to the minimum value 
of 1/d on the sphere of reflection This maximum however becomes 
rapidly weaker and more diffuse as the sphere of reflection passes further 
away from the centre of the spheres of diffusion with altered settings of 
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the vector Ijd Hence, nothing even remotely resembling a regular geometric 
reflection which persists over a wide range of settings of the crystal would be 
exhibited by the X-ray scattering due to the elastic waves 

The same situation can be represented graphically by plotting the func- 
tion sm^/sin^c for various settings of the crystal It is sufficient if this is 
done for the scattered radiations lying in the plane of incidence With the aid 
of the formulae (6), (7), (9) and 01)> d is readily shown that 

sin^ig _ OS'! 

sin*e sin-® Of- 2 sin 6^ sin (0+ «) cos "«+ sin* (fl+ e)* ' ^ 

It IS seen on differentiating the denominator of the expression on the right- 
hand side of (25) that it becomes a minimum and the whole expression is 
therefore a maximum when 

d sin (0 + ^) ~ A cos ^ (26) 

Equation (26) is equivalent to saying that 1/J is then a minimum, as can be 
seen directly from Fig 2 The values ofsin*i>/sin®chave been plotted in Fig 3, 
as functions of the angle 2< for six settings of the crystal indicated by the 



Pio. 3 

Graph of the Function sm*t^/sin*« 

different glancing angles of incidence 9 entered in the figures The particular 
case chosen is one in which 0, = 21” 58' ; in the first of the six settings, 9 has 
the value 9f, and in the others increases by successive steps of one degree. 
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It will be seen that the peak of intensity which appears in the first setting 
coinciding with the classical reflection rapidly falls off and is replaced by 
a relatively weak hump in the curve which spreads over many degrees of arc. 
The actual value of the numerical factor sin*#/sm*e also falls off rapidly and 
becomes insignificant as the crystal is turned away from the correct setting 
for a classical reflection 

We have in the foregoing analysis tacitly made certam simplifying 
assumptions, viz , that there is only one kind of elastic waves to be considered, 
that the velocity of the waves is a constant and that the atomic 
displacements due to the waves are in every case normal to the crystal 
planes In reality, there are three sets of elastic waves possible, their 
velocity IS a function of the direction of travel of the waves, and the direc- 
tions of the displacement are different for the three sets of waves It 
should be remembered, however, that the three sets of waves would not all 
be equally effective in varying the structure amphtudes of the lattice planes 
A movement of the atoms parallel to the lattice planes would have no X-ray 
effect and we may therefore exclude from consideration the types of waves 
which give rise to such displacements Further, only such waves as have 
their wave-fronts roughly transverse to the lattice planes would produce a 
scattenng of X-rays in directions which are appreciably displaced from the 
static reflections, and are therefore within the range of observation It 
follows that we are principally concerned with distortional waves travelling 
in directions nearly parallel to the lattice planes under consideration and 
giving atomic displacements nearly normal to them Hence, the simplified 
treatment we have adopted should be a fair approximation to the truth 
The variation of the velocity of the elastic waves with the direction of travel 
may be readily taken account of in our formuls In any event, such correc- 
tions as may be necessary would not affect the broad result which emerges 
from the theory, namely that the elastic waves produce only a diffuse 
scattering of the X-rays with very low intensity and not a geometric reflec- 
tion of the X-rays in any particular direction 

It may be emphasized that the humps of intensity in the X-ray scattenng 
curves appearing in Fig 3 correspond to the elastic waves of greatest wave- 
length or lowest frequency operative in such scattenng. Indeed, the smaller 
the angle at which the hump or maximum appears, and the more pronounced 
It therefore is, the lower would be the frequency of the elastic waves respons- 
ible for it Accordingly, it is suflBcient, as we have done, to take the energy 
of the individual vibrations as KT and to treat the problem classically 
At low tmperaturut tkenfore, these maxma of scattering intaisity 
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weaken still further and become altogether negligible. This should be so even 
for crystals of high elasticity, such as diamond, so long as we are considermg 
the X-ray effects dm to the elastic vibrations of lowest frequency for which 
hv* < KT 


7 Quantum Reflection by Infra-Red Vibrations 

The geometric law of dynamic reflection (10) indicates that when the 
X-rays are incident on the lattice planes at an appropriate angle, the static 
and dynamic reflections appear simultaneously and in the same direction 
The length of the phase waves d of the lattice vibration is then infinite, in 
other words, the atomic vibrations have everywhere the same phase. To 
enable us to evaluate the dynamic structure factor, we require to know the 
geometry of the particular mode of vibration as well as its actual amplitude 
The former may be derived from a knowledge of the crystal structure and 
atomic forces, while the latter is determined by the energy of the vibration 
The entire crystal being regarded as a single dynamic unit, the energy asso- 
ciated with a single non-degenerate mode of its vibration would be KT 
on the basis of classical mechanics or hv* according to quantum mechanics 
In considering the infra-red or monochromatic vibrations, however, the 
crystal must be considered as a system having a great number of identical 
or nearly identical frequencies To obtain an idea of the results to be expect- 
ed in consequence of this fact, we may make the simplifying assumption that 
all the N frequencies of the system are identical, N being the number of 
lattice cells in the crystal It follows that the amplitude of the N modes of 
vibration should be superposed Each cell in the lattice would then have 
energy KT (classical mechanics) or hv* (quantum mechanics) The resulting 
amplitudes of vibrations would be considerable and the dynamic structure 
factor would no longer be negligibly small in comparison with the static 
structure factor Considering also the identity of the phase of the vibration 
in the N cells, it follows that it would result in a dynamic X-ray reflection 
having an intensity proportional to N* and comparable with the intensity 
of the usual static reflections In the language of quantum mechanics, we 
may express this by saying that the crystal takes up an energy of vibration 
hv* from the X-ray photon hv which is reflected by the lattice planes with 
dimimshed energy A (v— v*), but that the probability of such a process 
occurring is increased N-fold by the fact that all the N cells co-operate, 
their frequencies, amplitudes and phases of vibration being identical. 

On the basis of these ideas, we may evaluate the structure factor for 
a dynamic reflection when it appears in the same direction as a possible 
static reflection Denoting by mp the mass of the pth atom in the unit cell 
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and by its displacement from the position of equilibrium, the energy 
of a vibration of frequency v* may be written as 

Tr*v** - hv* (27) 

P 

From this we have 

If the geometry of the vibration is known, we may evaluate the f/s from 
(28) Resolving each in a direction normal to the chosen crystal planes, 
we obtain its component ap and thence also Cp which appears in the dynamic 
structure factor The latter may thus be determined for any particular 
mode of vibration and for the particular set of crystal planes A similar 
procedure would have to be followed if wc wish to consider any other 
possible mode of infra-red vibration or any other set of lattice planes. 
Taking h-~ 6 55 x 10“®’ erg sec and with =40x I©*** gm and 
v* -- 6 X 10^* sec as representative values, the quantity v'A/4ir*w^v* 
comes out as a length of the order 0 1 A U The ratio of {(p) and Jo Up) 
appearing respectively in the expressions for the dynanuc and static factor is 
then of the order 1 20 for an average crystal /« other words, under the most 
favourable conditions, the quantum or modified reflections have mtensities 
which are of the same order of magnitude as the classical or unmodified 
reflections though, as a rule, definitely weaker 

It IS worthy of remark that if a crystal has several possible mfra-red 
modes of vibration, those of the lowest frequencies would in general, as 
indicated by (28), produce the most important X-ray effects The special 
importance of the modes of lower frequency would however be less marked 
on the quantum theory than on the classical mechanics ; this becomes evident 
on writing KT instead of hv* on the right-hand side of (27) We would 
then have v** instead of v* in the denominator of (28) The question 
as to which of the possible infra-red modes is most effective is, however, 
not so summarily to be disposed of Actually, each set of crystal planes 
would have to be considered separately m relation to the various possible 
modes of vibration in the lattice It may well happen that the dynamic 
structure amplitude of a particular set of crystal planes is largely denved 
from one of the possible modes of vibration, while another set of planes 
1 $ chiefly influenced by some other mode It may also well happen that the 
dynamic structure factors determined by the aggregate effect of all the 
possible modes of vibration are widely different for different sets of crystal 
planes and bear no simple relation to the static structure factors of the same 
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planes Such special features would be characteristic of the individual crystal 
structure and of the particular modes of its infra-red vibration 

The simplifying assumption made above that all the N modes of vibra- 
tion of the lattice have an identical frequency is equivalent to stating that 
the only possible phase wave-length is the largest possible, viz, J — ee 
This IS evidently an extreme assumption, and it would be more reasonable 
to expect that while the great majority of the possible modes of vibration 
correspond to a very great phase wave-length, the remainder correspond to 
lesser values of J, thus enabling the dynamic reflections to appear at other 
settings of the crystal as indicated by equation (10) It would then follow 
that the intensity of the dynamic reflections should diminish rapidly as the 
crystal is moved away from the setting at which the static and dynamic reflec- 
tions appear superposed The fall in intensity would, in fact, represent the 
distribution of the possible modes of vibration in respect of phase wave- 
length 



Oeometry of Quantum Reflection 

The situation indicated above is mdicated graphically in Fig 4 The 
reciprocal of the phase wave-length, namely 1/d, which we may denote 
by 3 IS represented as a vector drawn from the terminus of the vector 
1/d which gives the spacing and setting of the crystal planes The great 
miqortty of the possible values of 3 congregate at the origin 3^0 There 
are, however, some which spread out along the lines representing the per- 
mitted directions of the phase-wave normal. The quantum reflections would 
then appear at the point or points on the sphere of reflection at which the 
vectors 3 thus drawn meet the latter. As already explamed, the dynamic 
reflections need not necessarily lie in the plane of mcidence. The restric- 
tion of the vector 8 to fall in specific directions differentiates our present 
case (Fig. 4) frmn that of quantum scattering also re^esented geometrically 
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in Fig. 2. Such a restriction arises naturally from the fact that we are now 
concerned, not with a displacement of the lattice cell as a whole m some 
arbitrary direction, but with a specific mode of vibration of the atomic 
grouping within the cell The symmetry of such atomic grouping, the nature 
and magnitude of the inter-atomic forces and especially the geometrical 
characters of the particular mode of vibration necessanly determine the 
possible orientations of the phase-vector S In the ideal case, therefore, 
we may expect this to lie in one or another of certam precisely defined direc- 
tions related to the symmetry of the crystal and the symmetry of the mode 
of vibration The quantum reflection would then appear, as mdicated in 
Fig 4, in a sharply defined direction (or in sharply defined directions, if, for 
instance, considerations of symmetry require that there should be several 
possible directions of the vector S) It is evident that such a restriction of 
the phase-vector S to specific directions would result m a very great increase 
in the intensity of the observable effects, m fact, the sharper the reflection, 
the more intense it would be and therefore the more easily observed Thus, 
even if only a small fraction of the total number N of possible modes of 
vibration appear as stragglers from the point i —0, their restriction 
to specific directions of S should enormously increase the visibility of 
their effects 

We cannot however always expect the dynamic reactions to exhibit 
the same sharpness and precisely defined geometnc character as the static 
reflections by the crystal planes When, for instance, the effects of different 
possible modes of vibration are superposed, or when the bindmg forces in 
the crystal are relatively weak and are further disturbed by thermal agita- 
tion, a certain lack of precision m the direction of the phase-vectors would 
be inevitable In such a case, the quantum reflections would necessanly 
be a little diffuse Since, however, the majonty of values of the vector 
S congregate at the point 8 » 0, all the possible directions of the vector 
must necessanly crowd together as we approach the common ongm Hence, 
the reflections should appear not only more intense but also more sharply 
defined as the crystal setting approaches the position m which the static 
and dynamic reflections coincide The same considerations indicate that 
at the lowest possible temperatures when the disturbing influence of thermal 
agitation 18 removed, the diffuseness, if any, of the quantum reflections 
arising from its presence should dimmish and disappear 

As indicated in earlier discussions, the distribution of the N possible 
modes of vibration amongst various values of the phase-wave vector 8 is 
closely connected with the perfection of the monochromatism of the vibration 
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frequency The distribution should, in fact, run parallel to the distri- 
bution of the N modes amongst the various possible frequencies of vibration 
The fine structure of the spectral lines in the infra-red region should thus 
stand in the closest relation to the variation m mtensity of the quantum 
X-ray reflections with the crystal setting It is known from studies on light 
scattering that the spectral lines representmg the lattice vibrations, especi- 
ally those of the lowest frequencies, become sharper at low temperatures 
This effect is presumably due to the removal of the thermal agitation which 
disturbs the precisely defined geometric character of the infra-red vibrations 
and therefore also their monochromatism Observations at low temperature 
should thus indicate q closer approach of the X-ray effects towards the ideal 
behaviour, viz , the appearance of sharply defined and correspondingly more 
intense dynamic reflections Whether temperature directly affects the dis- 
tribution of the N possible modes in the S diagram, in other words tends 
to transfer a larger proportion of the modes to the origin S ~ 0, thereby 
diminishing the number of stragglers must, for the present remain, an open 
question It can only be answered when we are in a position quantitatively 
to formulate the distribution law The strength of the inter-atomic bindings 
within the lattice cell, and the strength of the forces which link the lattice 
cells to each other and make the whole crystal a coherent sohd must neces- 
sarily enter into such a distribution law Only in the ideal case when the 
lattice cells are firmly linked with each other and the influence of thermal 
agitation is negligible would be the assumption that the atoms within the 
lattice cells all vibrate together with identical frequency, amplitude, and phase 
approach towards the complete truth It follows that our calculation of 
the intensity of the quantum reflection from equations (27) and (28) should 
be regarded as setting an upper limit to the intensity of such reflections which 
would be approached only in the most favourable cases 

8 Temperature Factor Jor Quantum Reflections 

The quantum theory of radiation is an application of quantum mechanics 
to a consideration of the interrelations between matter and radiation In 
our present problem we are concerned with the effect of passage of a train 
of waves through a regularly stratified medium in the particular case when 
the stratifications may, in part, be time-periodic If the existence of such 
time-periodic stratifications be assumed, classical optics indicates — quite 
independently of alt atomistic or quantum theoretical considerations — that 
both static and dynamic reflections would be observable under appropriate 
conditions, the latter appeanng with a change of frequency We translate 
this result into the language of the quantum theory by saymg that the 
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change of frequency arises from the exchange of energy between the photon 
and the medium, while the optical condition for a dynamic reflection is 
equivalent to the conservation of momentum in their encounter (Tamm, 
1930) Quantum theory indicates that there is a finite probabihty of a 
vibration quantum being created or destroyed in the encounter if there 
be a finite interaction energy between the radiation field and the vibrations 
of the solid The fundamentally new feature arising in the quantum mechanics 
not indicated by the classical or semi-classical theories is that the vibrations, 
even if non-existent in the absence of the radiation, would be created by 
It This is the basis of our equation (27) m which the energy of the oscilla- 
tion IS put equal to hv* and which correctly represents the situation at the 
lowest temperatures In the presence of thermal agitation, we have to 
merely add a contribution due to its effect In other words, instead of 
hv* we write the energy of the vibration in equation (27) as 

A I/* ^ 1 -f ^jifKTzri ) 

The second term within the brackets is the Planck factor The justification 
for its inclusion is that the probability of the creation of a vibration quantum 
would be proportional to the number of such quanta present, and (29) is 
therefore only valid when we are considering encounters in which the 
number of vibration quanta is increased by the incidence of radiation In 
considering the cases in which the number is diminished, we must evidently 
take the energy as 

In our present problem, the effects of both types of encounters appear 
superposed, and we may therefore take the energy as the sum of (29) and 
(30), vir, 

*■’* • ( 31 ) 


The effect of thermal agitation would be tiius to increase the intensity of 
the quantum reflection or the quantum scattering as the case may be, by the 
factor 




( 32 ) 


which we shall refer to as the temperature factor m what follows. 



Qumium Theory of X^Ray Reflection . Mathematical FormulaHon 351 



0 100 ^00 300 400 500 bOO 

Fra 5 

Temperature Factor of Quantum Reflection 

In the particular cases when h\* >■ KT, viz , when the frequency of 
vibration is very high or the temperature is very low, the temperature factor 
reduces to unity and (31) becomes simply Av* On the other hand, when 
Av* ■< KT, VIZ , when the frequency of vibration is very low or the tempe- 
rature IS very high, the expression (31) reduces to 2KT The numerical 
factor 2 indicates that we are now dealing with the sum of the two effects 
having the frequencies (v 4: v*), whereas previously we arc only concerned 
with (v — V*) Thus, at sufficiently high temperatures, the intensities of 
dynamic reflection and scattering become proportional to the absolute 
temperature At what stage this occurs depends on the value of v* To 
illustrate this feature, the value of the temperature factor has been drawn 
as a function of the absolute temperature in Fig S for a number of different 
values of v* These are indicated in each case in spectroscopic units 
against the curves It will be seen that all the curves tend asymptotically to 
the value unity at low temperatures For low values of v*, the curve begins 
to rise steeply at a fairly low temperature, while for high values of v*, it 
remains nearly horizontal over a large range of temperature. 

The foregoing is, of course, a simplified treatment, but it is sufficient 
to indicate the main features of the case The treatment assumes that the 
intensity of dynamic reflection is proporttonal to the energy of the vibration 
giving rise to it Such proportionality does not necessarily hold good when 
the thermal agitation is too violent It should also be ranarked that we are 
considering the different possible modes of infra-red vibrations as independent 
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of each other, in other words, we are neglecting their mutual influence Even 
when such neglect of the interactions is justified, wc must necessarily consider 
their effects as superposed on each other When there are several infra-red 
modes of widely different frequencies, it is possible that the temperature 
factor may be effectively different for the different sets of lattice planes in 
the crystal In other words, those lattice planes whose structure amplitude 
IS noticeably affected by the infra-red vibrations of lowest frequency would 
show a large temperature factor, while those which are sensibly influenced 
only by the modes of higher frequency would show a relatively small tempe- 
rature variation That such a situation would arise in crystals which are 
highly anisotropic in structure is extremely probable That it may occur 
even in isotropic crystals becomes evident when we recall that the atomic 
density and the structure amplitude vary enormously for the different planes 
of a crystal Some of the planes in a crystal have special properties, e g , 
cleavage, determined by the grouping of the atoms and the nature of the 
atomic bindings These factors also determine the modes of atomic vibra- 
tion possible Hence, it should not be a matter for surprise to find that the 
temperature factor for dynamic reflection vanes greatly for different planes 
also in isotropic crystals 

9 Temperature Factor for Classical Rejections 

We have already noticed in Section S that the presence of a vibration 
which endows the lattice units with a dynamic structure factor simultaneously 
results in a reduction of the static factor The reduction anses from the term 
Jo {If) which multiplies the atomic structure factor, this being the same for 
all the p atoms in the unit cell in the case of an elastic vibration, but different 
for the p different atoms in the case of an infra-red vibration The energy 
of an individual vibration being only hv* multiplied by the relevant factors, 
see (29) and (30), the diminution of the static structure factor produced by 
It is negligible The infra-red vibrations, however, have an N-fold degene- 
racy The vibration of the atoms resulting from the superposition of the 
N modes would therefore be sensible and therefore also the diminution of 
the static structure factor produced by it. When the static r^ection 
appears, the dynamic reflection is also superposed on it and is therefore 
effectively an addition to its intensity Nevertheless, if the intensities of the 
two types of reflection are assumed to be proportional to the squares of 
their respective structure factors, the diminution of intensity is not compens- 
ated by such superposition In other words, the possibility of a quantum 
X-ray r^ection by the crystal planes necessarily diminishes the intensity of 
the classical X-ray reflections by the same planes. 
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In practice, there may be several modes of infra-red vibration possible 
Their effect and also the aggregate effect of the low-frequency elastic vibra- 
tions of the lattice on the static structure factor of the atoms requires 
consideration We therefore proceed to examine the case in which several 
different modes of vibrations are superposed We write for the displacement 
of the pth atom 

Df - dp +2 ap^ cos (2 nvlt H- (33) 

n 

The secondary radiations from the atom have then as their periodic part 
cos [2 nvt -Zp-^tpH cos (2 irvlt + Zp^] (34) 

fl 

The expansion of this in a senes of Bessel functions is most easily carried 
out by writing (34) in an exponential form It then appears as a product 
of a series of terms containing v, v*, vj, etc , in the exponentials On 
writing out the products after expansion in a scries of Bessel functions, we 
get terms which are periodic in v, (v i vj), (v ' v*), etc . and also periodic 
terms involving overtones and combinations of vj, v., etc Neglecting 
these latter, the multiplier of the atomic structure factor for the frequency 
V comes out as 

nJolW (35) 

while the multiplier for the atomic structure factor for the frequency 
(v ± vj,) is 

hUpm) n Jo(U) (36) 

For values of C which are not too large, we may use the approximation 


Jo(C) = «"*^*andJi(C)-if (37) 

Thus, the multiplier for the static structure factor of the atom is 

e " (38) 

the summation in the exponent being over all the n different frequencies of 
vibration The multiplier for the dynamic structure factor of the atom 
for the frequency (v ± v* ) is 

~ £ i C*em 

(39) 

the summation in the exponent bemg now made over all the frequenaes of 
vibration except It appears from (38) that all the modes of vibration 
assist in diminishing the static atomic structure factor, while (39) indicates 
that the dynamic structure factor for a particular frequency of vibration is 
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diminished in the same way by all the other modes of vibration The ratio 
of (39) to (38) is 

(«» 

and depends only on the displacements of the atom due to the vibration 
of frequency vi In this particular sense, each different vibration may be 
regarded as acting independently of all others, in other words as giving a 
quantum reflection of which the intensity in relation to the classical reflec- 
tion is determined exclusively by its own amplitude 


In the summation indicated by the exponent in (38), we have to include 
all the frequencies of vibration of the lattice We recall that 


ifn - 




sin 0 


(41) 


where is the displacement of the pth atom resolved normal to the crystal 
plane due to the vibration of frequency v*. the actual displacement being 
given by the geometry of the vibration and its energy Considering the 
elastic vibrations first, we have already noticed that those of the lowest 
frequencies give the largest atomic displacements On the other hand, the 
modes of the higher frequencies are far more numerous Thus, the entire 
range of possible frequencies of clastic vibration would contnbute towards 
determining the product (38) which alters the atomic structure factor The 
treatment of the problem by Debye, Waller and Lauc however greatly 
exaggerates the part which the elastic vibrations of the lattice play in this 
respect Firstly, there is no justification for assigning all the 3 Np degrees 
of freedom to the elastic vibrations The maximum number which can 
properly be so assigned is 3 N, the remaining (3p— 3) N degrees of freedom 
representing the infra-red or monochromatic viWtions of the lattice Then 
again, the actual frequency limit for the elastic spectrum is automatically 
reduced by the diminution in the number of degrees of freedom allotted 
to It Thirdly, the semi-classical way in which the quantum theory of speci- 
fic heats and the zero point energy are usually brought into the X-ray 
problem is, of course, invalid Finally, in the vast majority of actual 
crystals, the Einstein or monochromatic vibrations, besides being more 
numerous, have often quite low frequencies and therefore make a notable 
contribution to the thermal energy Their influence on the intensity of the 
classical reflections indicated by (38) should therefore be of great importance, 
in fact much more so than that of the elastic vibrations of the lattice 


It follows from what has been stated above that there should be a 
considerable degree of correlation between the intensity of the quantum 
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reflection by a particular set of crystal planes and the temperature vanation 
of the intensity of the classical reflection by the same set of planes An 
intense quantum reflection can only arise if the structure amplitudes are 
strongly influenced by the possible modes of infra-red vibration with a 
corresponding diminution of the static structure factor We should then 
ordmarily expect a notable temperature effect of the intensity of classical 
reflection, pan passu with an increase of the intensity of quantum reflection 
with rising temperature Since however, the static and dynamic structure 
factors for the unit cell are determined by different considerations, the 
correlation indicated above is not necessarily to be observed in all cases 

W Summary 

The ideas indicated in the preceding paper are here worked out quanti- 
tatively The secondary radiation from an oscillating atom in a crystal 
traversed by X-rays is analysed into its frequency components It is shown 
that the interferences to which each component of altered frequency gives 
rise are determined jointly by the positions of the atoms and the phases of 
their vibration It follows that besides the static reflections of unmodified 
frequency by the crystal planes, we would also have dynamic reflections of 
altered frequency The geometric law of such dynamic reflection is derived 
The static and dynamic structure factors are deduced and it is pointed out 
that the elastic and infra-red vibrations of the lattice stand on a different 
footing in respect of these factors Considering first the elastic vibrations, 
formula; are obtained and graphs are drawn which show that such 
vibrations give rise to a diffuse scattering of the X-rays with low intensity 
proportional to the number of lattice cells The N-fold degeneracy of the 
monochromatic infra-red vibrations, on the other hand, results in their 
giving true geometric reflections with altered frequency and with intensity 
proportional to the square of the number of lattice cells The intensity 
of such reflection is evaluated on the basis of the quantum theory of radia- 
tion The vanation of the intensity, direction and sharpness of the quantum 
reflections with crystal setting is discussed A formula is then obtained 
for the temperature variation of the intensity of the quantum reflections. 
The temperature factor for the intensity of the classical reflection is also 
written down and the extents to which the elastic and infra-red vibrations 
respectively contribute to it are discussed 
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/ Introduction 

Thf fundamental discovery that the lattice planes in a crystal give rise to 
monochromatic X-ray reflections of a second kind involving a change of 
frequency was made in the laboratories of this Institute and announced at the 
Easter meeting of the scientific societies of Bangalore heljl on the 22nd March 
1 940 It was an essential part of the discovery that the expenmental characters 
of the phenomenon as actually observed were such as to place it entirely 
outside the range of the accepted theories in X-ray optics The explanation 
of the newly discovered phenomena, in fact, demanded the introduction of 
radically new ideas regarding the nature of the vibrations possible in crystal 
lattices and also regarding the nature of the interactions which occur when 
X-rays traverse a crystal These new ideas were indicated simultaneously 
with the new experimental facts in an article in Current Science for Apnl 
1940 Though new to X-ray physics, the ideas set out in that article had 
already emerged more or less clearly from the spectroscopic investigations 
on the scattering of light in crystals which had previously been engaging the 
attention of the laboratory * The application of these ideas m the field of 


* A brief summary of these mvestisaUons and the ideas emerging thei^Fom mil be 
found m the Franklin Medal Day lecture to be publnhed in the Franklin Institute JourmJ for 
September 1941 

356 
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X-ray research was thus almost inevitable The further investigations which 
have since been continued systematically at this Institute have not merely 
confirmed the statements made in the first publication, but have also shown 
that the new X-ray results taken together with the earlier spectroscopic studies 
compel revolutionary changes in our concepts of the solid state In fact, the 
X-rays directly demonstrate what had been previously only inferred from the 
optical evidence, namely, that the lattice vibrations appearing as mono- 
chromatic lines in the spectrum of a crystal possess a degree of orderliness and 
coherence which is astonishing and truly as remarkable as the orderliness of 
the static arrangement of the atoms characteristic of a crystal The optical 
and X-ray methods of investigating the lattice vibrations in crystals thus stand 
in the closest relation, supplementing each other The optical methods enable 
us to analyse the infra-red vibrations into their frequency spectrum and only 
indirectly to infer their geometric character The X-rays, on the other hand, 
enable us directly to ascertain the geometrical characters of the vibration and 
only indirectly to infer the frequency changes involved 

The clear-cut enunciation of the new facts and ideas put forward in 
April 1940 was made possible largely by the deliberate choice of diamond as 
the crystal round which the investigations have principally centred The 
known perfection of this crystal, the simplicity of its structure, the possibility 
of using relatively soft X-rays in working with it, and above all, the geometric 
precision with which it exhibits the new phenomena have enabled the latter 
to be understood much more clearly than would have been otherwise possible 
For this reason, the present article will be devoted wholly to the results of the 
experimental studies made with diamond It will be shown, on the one hand, 
how the experimental facts totally exclude any explanation of the type based 
on the original theories of Debye, Waller and Fax^n, with or without such 
further modifications as have been recently suggested It will, on the other 
hand, be shown how completely the experimental facts fit into the scheme of 
new ideas expounded and developed quantitatively in the two preceding papers. 
It must not be imagined however that the case for the new theory rests exclu- 
sively on the facts observed with diamond So far from this being the case, 
it may be said that a careful and unprejudiced examination of the facts with 
any crystal is sulficient to show that the efforts recently made by several 
workers, notably Zachariasen, Max Bom and the group at the Royal Insti- 
tution to base an explanation of the new X-ray facts observed at this Insti- 
tute on the basis of the existing theories or modifications thereof are not on 
the right lines In the earlier paper on basic ideas, the effects indicated by 
the theories of the Debye type are set out and contrasted with those indicat- 
ed by the quantum theory of X-ray refiection, and a series of experimental 

AS 
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criteria are put forward enabling a discrimination between the two. In the 
papers which follow in these Proceedings, these criteria have been applied 
in several cases, and in every case the verdict of the facts has been m 
favour of the new ideas Equally striking has been the success of the new 
ideas in dealing with problems of the solid state which have hitherto proved 
baffling, e g , the large deviations of the observed specific heats ot elementary 
solids, such as metals, from those indicated by the Debye specific heat formula 
Far from such a failure of the Debye theory being surpnsing, it is a necessary 
consequence of the idea that the lattice spectrum of every crystal includes 
Einstein or monochromatic frequencies of vibration Mr Bisheswar 
Dayal has shown in a series of papers which will appear in the next issue of 
these Proceedings that the specific heat curves for metals and other eleipentary 
solids find a very simple and complete examination on the basis of these new 
concepts in crystal dynamics 

2 Structure and Lattice Spectrum of Diamond 
The specific heat of diamond has been accurately measured by Pitzer 
(1938) over the range of temperature from 70® T to 288“ T His data do 
not fit into the Debye formula, showing deviations as large as fifteen per 
cent within this range, if the limiting frequency in the formula is chosen 
to fit the data at the lower limit of temperature The cause of this failure 
becomes apparent when we consider the real nature of the lattice spectrum 
The Debye theory of specific heats rests on the belief that the infra-red 
vibrations of the lattice are physically of the same nature as the vibrations 
of the acoustic type and form a continuous spectrum of frequencies That 
the same idea forms the basis of the crystal dynamics of Max Born and his 
school IS evident from the postulate of the “cyclic lattice” on which the 
work of that school rests and which has been discussed earlier in these 
Proceedings and shown to be untenable The Bom postulate places the 
elastic and infra-red vibrations mathematically on the same footing Its 
implications become clear when we examine the results of the calculations 
worked out on its basis by Blackmann, Kellerman and others of that school. 
The calculations lead to representations of the vibration spectrum which 
while differing in detail from that assumed in the Debye theory, have 
nevertheless the same fundamental feature, namely that the vibrations of 
the extended solid forms a continuous spectrum of frequencies. The 
lattice spectra of actual crystals as revealed to us by spectroscopic 
investigations, especially those made at low temperatures, present us with 
a totally different picture. Indeed, it may be said that the assumptions 
made in the Ddbye theory and in the Born crystal (fynamics bear no 
resemblance whatever to the actual facts at such temperatures. 
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Several different lines of investigation agree in showing that, except 
possibly in the region of the lowest frequencies where the experimental 
techniques have not at present been good enough to give a definite answer, 
the lattice spectrum of diamond consists of sharply defined or mono- 
chromatic frequencies Bhagavantam (1930) investigated the scattering of 
light in diamond and found numerous sharp lines in the spectrum givmg the 
following frequency shifts in wave numbers per centimetre 1S8S, 1480, 
1431, 1382, 1332 , 1288 and 1158 Amongst these, the 1332 line is at least 
a hundred times more intense than the next most intense line 1158, while 
the others were just detectable in the spectrum of a large clear white diamond 
The 1332 line, besides being intense, is also extraordinarily sharp, in fact 
exactly as sharp as the exciting radiations It remains sharp (though with 
gradually diminishing frequency shift) over the whole range of temperature 
from 93° T. to 1130° T Further evidence on the lattice spectrum of 
diamond has been furnished by the recent investigations of Nayar at this 
Institute on its luminescence and ultra-violet absorption spectra at low 
temperatures As was first noticed by Ramaswamy, diamond exhibits 
a fluorescent band at 4157 A U , the same band also appearing in absorp- 
tion On cooling down the crystal to liquid-air temperatures, this band 
shifts to 4152 A U , at the same time becoming much sharper Subsidiary 
bands are also noticed at lower frequencies in fluorescence and at higher 
frequencies in absorption, the frequency differences between these and the 
4152 band being the same but of opposite sign in fluorescence and in 
absorption These frequency differences therefore represent the lattice 
spectrum of diamond The band at 4152 A U is not as sharp at hquid- 
air temperature as could be desired, and it is greatly to be hoped that this 
work will be repeated at liquid hydrogen temperatures in some cryogenic 
laboratory. Nevertheless even at liquid-air temperatures and using the 
fairly high dispersion provided by an Ei Hilger spectrograph, Nayar has 
found that the fluorescence and absorption bands appear resolved into 
numerous discrete frequencies. These are (within about ten wave numbers) 
1341, 1252 , 1148, 1090, 1010, 960, 784, 681 and 532 There are indications 
of larger frequency shifts in the same region as those observed by 
Bhagavantam, as also of several discrete frequeni^ shifts smaller than 532 
appearing very feebly in the spectra. Plate XVI, Figs 4 (a), (b) and (c) 
reproduce the lattice spectrum of diamond as observed respectively in light- 
scattering, in fluorescence and in absorption, and exhibit these frequency 
shifts. 

The dynamical theory of the diamond lattice has not at present been 
worked out with sufficient thoroughness to enable us to explain aU th«80 
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experunental results It is noticed, however, that the most intense fluor- 
escence and absorption frequencies fall roughly into two groups The head 
of one of these groups is close to the 1332 frequency which appears as^ an 
extremely intense and sharp line in light scattering The nature of the 
1332 vibration has been very fully discussed by Nagendra Nath (1934) and 
was indicated by him as an oscillation relative to each other of the two 
Bravais lattices of carbon atoms which constitute diamond. Since each 
carbon atom belonging to one lattice is bound by valence bonds to four 
carbon atoms in the other lattice, and vice versa, such an oscillation would 
necessarily have a high frequency Indeed, a calculation based on the known 
force constants gives a frequency in fair agreement with the observed 1332 
The symmetry characters of such an oscillation (Venkatarayudu, 1938) also 
indicate that it should be active in light-scattering The identification of the 
1332 frequency as that of an oscillation of the two interpenetrating lattices 
of carbon atoms relative to each other is thus firmly established The second 
group of frequenciibs of which the head is at 784 is completely inactive in hght 
scattering It is therefore very probable that the oscillations of this group 
involve movements of the atoms m each Bravais lattice agamst themselves, 
alterations of the tetrahedral valence angles rather than the extensions or 
compressions of the valence bonds determining the observed frequenaes 

Examining the structure of diamond, we find that the carbon atoms 
belonging to the two Bravais lattices appear in the planes parallel to the 
octahedral faces in separate layers which are alternately at unequal distances 
It follows from this fact and the considerations set out in the preceding paper 
that the (111) planes would have their structure amphtudes strongly varied 
by the 1332 oscillation A similar situation would also arise in respect of 
any oscillation in which the movements of some of the atoms in one Bravais 
lattice are balanced by opposite movements of an equal number of atoms 
in the other lattice If, on the other hand, we consider a type of vibration 
m which the movements of the atoms in one lattice are balanced by op- 
posite movements of the remainder of the atoms in the same lattice, it is 
easily seen that the structure amplitudes of the octahedral planes would 
remain unaffected It is thus evident that only the 1332 vibrations or other 
vibrations of similar oharacter would influence the structure amiflitudes ot 
these planes A simple calculation on the basis of the theory set out in the 
preceding paper shows that in spite of the high frequency mvolved m such 
oscillations, dynamic reflections of notable intensity should be given by the 
(111) planes On account of the high frequency of the associated vibrations 
of the lattice, such reflections should be practically insensitive to variations 
of temperature. 
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The crystal spacings in diamond giving the classical X<ray reflections 
ajre of two kinds. In one set which includes the spacings parallel to the 
octahedral faces, the alternate layers of carbon atoms appear unequally 
spaced in the ratio of 1 3 In the second set, which includes the planes 
parallel to the forms of the cube and the dodecahedron, the planes appear 
equally spaced In the planes parallel to the dodecahedral faces, the carbon 
atoms belonging to the two Bravais lattices appear mterspersed with each other 
in equal numbers. It follows that these planes are incapable of giving a 
dynamic reflection as a result of the relative oscillation of these two lattices. 
This conclusion, however, only refers to this particular mode of vibration 
having the high frequency of 1332 wave-members There are numerous 
other modes of vibration of the lattice with discrete frequenaes, some of 
which are as low as 127, 178, 303 and 421 wave-numbers (Nayar, 1941). 
In such vibrations, there can be no doubt that the atoms in each Bravais 
lattice oscillate against each other, that is, some of the atoms move one 
way and the others move the opposite way to balance the oscillation The 
extreme feebleness with which the frequencies lower than S32 appear in 
fluorescence and absorption probably indicates that such vibrations have 
a relatively small a prion probability Nevertheless, a low frequency involves 
a correspondingly larger amplitude of vibration Hence, the planes in the 
crystal which cannot give a dynamic reflection associated with the 1332 
vibration may nevertheless give observable reflections associated with some 
of the vibrations of the lattice with lower frequencies Such reflections 
would be indicated by their intensity being more temperature-sensitive than 
the reflections associated with the high-frequency vibrations 

3, Specular Character of Quantum R^ections 

Amongst the many items of supporting experimental evidence set out 
in the publications by the present writers (1940) announcing the discovery 
of quantum or modified reflection, one of the most cogent which was duly 
emphasized was the truly geometric or specular character of the reflections 
associated with the (111) planes of diamond This feature by itself and 
apart from all other evidence was sufficient proof that the phenomena 
described in those papers lay entirely outside the scope of X-ray optics as 
It existed before the announcement of the discovery In view of the import- 
ance of this feature and especially of the fact that it is absolute^ fatal to 
the attempts made by Max Born and others to mterpret the phenomena on 
the basis of the Debye-Born crystal dynamics, . we shall here consider it 
m some detail. 

Even in the photographs published with our earliest commmications 
{Current Science, April 1940 and Nature, 27th April 1940), it was evident 



362 C. V. Raman and P. Nilakantan 

that the quantum or dynamic reflections given by the (111) planes of diamond 
were just as sharp as the ordinary Laue reflections by the same planes While 
the Laue reflections appeared as elliptic spots, the quantum reflections were 
round in shape and had about the same diameter as the major axis of the 
Laue spots These features are readily understood when the angular diver- 
gence of the incident beam is considered and it is borne in mind that a 
quantum reflection can occur at any incidence of the X-rays on the crystal 
planes. A detailed discussion of the geometric aspects of the quantum 
X-ray reflections in diamond by Mr P R Pisharoty has already 
appeared in a recent issue of these Proceedings (1941) Mr Pisharoty 
has proved that the appearance of the quantum reflections as observed in 
the photographs for all possible settings of the crystal is just what we should 
expect if they were perfectly geometric 

In actual experimental work with X-rays, the radiation from the source 
IS necessarily divergent The extent and manner in which such divergence 
may be advantageously limited depends both on the aim of the investigation 
as well as upon the material under study, vi; , upon the thickness or area 
of the crystal In investigating phenomena of low intensity, an undue restric- 
tion of the divergence of the beam would merely increase the difficulties 
of the investigation without advancing its purposes in any way Thus, for 
instance, in the present problem, when we wish to decide whether we are 
dealing with a sharp reflection or a diffuse scattermg, instead of reducing 
the aperture excessively, it is preferable to retain it at a reasonable value 
and prolong the photographic exposures as much as possible In such 
circumstances, a geometric reflection would not enlarge m area, while a 
diffuse scattering would progressively widen out Usmg the technique here 
indicated, it is easy to decide the question whether the quantum reflections 
in diamond enlarge their angular extension when the crystal is moved away 
from the setting at which the quantum and classical reflections coincide. 
By not reducing the width of the X-ray beam unduly, it is possible to 
record the spots with fair intensity even when the crystal setting is altered 
by as much as 6” in either direction It will be seen from the photographs 
reproduced m Plate XVII, Figs 5 (a) to (A;) that the extension of the quantum 
reflections remains constant over this whole range of settings, while if it 
were due to a scattering of the X-rays associated with the reflections of the 
usual kind, it should enlarge rapidly in area One has only to glance at the 
photographs in Fig. S and then turn to the set of curves reproduced in Fig 3 
of the preceding paper showing how the distribution of intensity of scattering 
of X-rays vanes with the setting of the crystal to realise the futility of any 
attempt to explain the actual phenomena in terms of the scattermg theory. 
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The classical and quantum reflections have a different ongm and ob^ 
different geometric laws Nevertheless, they are both geometric reflections, 
and optical principles indicate various simple criteria which can be employed 
to test their nature as such and which would reveal the correct position imme- 
diately if the quantum reflection were not an independent phenomenon Van- 
ous factors in the experimental technique are capable of variation, e g., the area 
and angular divergence of the incident X-ray beam, as well as the area and 
the thickness of the crystal irradiated bw it These variations would influ- 
ence the intensity and the angular spread of the two effects in a very different 
manner if they were not essentially similar phenomena Actually, we observe 
a complete parallelism in the behaviour of the classical and quantum 
reflections when the experimental factors are varied separately or together. 
It IS well known, for instance, that the spots in a Laue pattern dimmish 
in extension when the X-ray beam is made narrower, and that such dimi- 
nution in si/e cannot be prevented from occurring by merely prolonging the 
photographic exposures Precisely the same effect is observed with the 
quantum reflections by the (111) planes in diamond These are reduced 
in extension by limiting the area of the X-ray pencil in much the same way 
and in the same proportion as the ordinary Laue reflections, longer 
exposures not altering the situation It is also noticed that the relative 
intensity of the Laue and quantum reflections remains unaltered by such 
procedure, thus proving that we are dealing with true geometnc reflections 
in both cases and not a reflection in one case and a scattering in the other. 

The classical X-ray reflections by the lattice planes of crystals appear 
in directions which are geometrically definable with a degree of precision 
depending on the perfection of the crystal Diamond, for instance, may 
be so perfect that the setting at which it reflects monochromatic rays with 
the maximum intensity is probably definable with as great an accuracy as the 
wave-length can itself be specified In the case of the quantum reflection, 
we are concerned not only with the geometric perfection of the crystal but 
also with Its spectroscopic perfection, that is to say, with the mono- 
chromatism of the infra-red vibrations of its lattice As will be seen from 
Fig. 4 (a) in Plate XVI, the monochromatism of the 1332 vibration of the 
diamond lattice, even at ordinary temperature, is of the most remarkable 
kind Accordingly, we should expect that the quantum reflections by the 
(111) planes which owe their origin to it should have a precisely definable 
geometric character and should be unaffected in their sharpness by the 
setting of the crystal A rigorous test of this question is not so easy as in 
the case of the classical reflections, for the quantum reflections can occur 
independently of the angle of incidence of the X>rays on the crystal. 
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Hence, an angular divergence of the incident beam and therefore also of the 
reflections can easily be mistaken as indicating a lack of geometric perfec- 
tion of the latter. The seventy of the test which can be made depends on 
the possibility of obtaining an X-ray beam with small lateral extension and 
angular divergence but of sufficient intensity to record the quantum 
reflections in a reasonable time As the intensity of the reflections falls 
off with extreme rapidity when the crystal setting is turned away so as to 
separate the classical and quantum reflections, it is evidently not easy to 
push the question to the final limit It may be stated, however, that, the 
quantum reflections hy the (111) planes of diamond are geometrically as per- 
fect as can be experimentally ascertained at the present time This is shown 
by the photographs reproduced by Figs 6 (a) and (6) in Plate XVIII In 
these photographs, the quantum reflections by the (111) planes have been 
recorded using a fine rectangular slit 100 millimetres deep and 0 IS milli- 
metre wide, and a cleavage plate of diamond 0 76 millimetre thick The 
width of the reflections as measured on the plates is no greater than that 
to be expected from the finite lateral extension of the beam, its angular 
divergence and the thickness of the plate used It is specially noteworthy that 
the reflection as recorded on the plates shows no detectable widening when the 
crystal setting is altered so as to make the quantum reflection move away 
from the Laue reflection in one direction or the other by several degrees 

These facts show that there is no ground for the belief entertained 
by some X-ray workers in the Dcbye-Waller-Fax6n theory of X-ray scatter- 
ing as a possible explanation for the phenomena discovered with diamond 
at this Institute So striking are the facts that even the advocates of the 
scattering theory have been compelled to take the illogical step of referring 
to the phenomena as a diffuse reflection ” instead of as a “ diffuse 
scattering ” which would be the correct nomenclature for them to adopt on 
the basis of that theory Indeed, the designation of diffuse reflection ” 
as applied to the case of the (111) quantum reflection of diamond is quite 
misleading Actually, these reflections are pcobably as sharp or sharper 
than the classical reflections of X-rays by the lattice planes of many crystals 
of the ordinary or imperfect type. 

4 Geometric Law of Quantum Reflection 

Any discussion regarding the geometric law of the quantum reflection 
presupposes its specular character. Indeed, unless we are deahng with a 
phenomenon which is recognizable as a reflection over a wide range of settings 
of the crystal and whose position can be observed and stated with some preci- 
sion, there can be no pomt in discussing the vahdity of any geometric formula 
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descriptive of it No useful purpose would be served, for instance, in seeking 
to find empirically the point of maximum intensity in a field of diffuse scatter- 
ing such as those represented theoretically in the curves of Fig 3 of the preced- 
ing paper The precision with which the positions of the X-ray refiections can 
actually be located and measured is an indication that the experimental situa- 
tion in this respect is very different indeed from that arising in the case of 
X-ray scattering 

The earliest measurements made with diamond (Raman and Nilakantan, 
May 1940) showed that the spacing d* of the dynamic stratifications altered 
rapidly with the setting of the crystal, being identical with the static spacing 
d of the (111) planes only at the particular settmg when the two types of reflec- 
tions appear superposed It was found later that even these early measure- 
ments fitted perfectly into the general geometric law of quantum reflection 

Idsinip Sin (i^ t e) ~ A sin tl^, (1) 

the angle ^ coming out the same within a degree or two as the value of 54°44' 
established by the measurements over a wider range of settings of the crystal 
made in July and August 1940 The angle 54“ 44' is half the tetrahedral angle 
between the valence bonds joining the carbon atoms in diamond It is also 
the angle between the faces of the cube and the octahedron in the regular 
crystal system. In other words, the phase-waves for the quantum reflection 
of X-rays by the octahedral planes of diamond are parallel to the cube faces of 
the crystal This remarkable result which was discovered experimentally in 
September 1940 forms a striking confirmation of the basic ideas underlying the 
quantum theory of X-ray reflection It emerged from the extended studies 
made in the preceding months as mentioned above The photographs 
from which the measurements were made are reproduced in Plate XVII, 
Figs. 5 (a) to (k) A brief reference to this result was made in a footnote to 
the paper by Raman and Nath (November 1940) in which the theoretical 
formula (1) was first announced The result itself was communicated in a 
letter to Nature dated the 11th November 1940 and published in its issue 
of the 2Sth January 1941 In view of the g^eat significance and importance 
of the result, it appears worth while to give a detailed account of the experi- 
mental work which led to its recognition 

These early experiments were earned out with a ’Spektro Analyt* 
Rontgen apparatus manufactured by Siefert & Co , Hamburg The X-ray 
tube was of the sealed hot-cathode type with a copper target, the X-rays 
emergmg through four windoiVs of Lindemann glass The tubes worked at 
41,000 k v , with a tube current of 12 ma. A flat film type of camera was 
mnployed for taking the photographs. The X-ray beam was restneted by a 
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circular hole bored through cylindrical lead blocks of effective depth 93 mm , 
the diameter of the hole being 1 6 mm 

Diamond has a perfect cleavage parallel to an octahedral face of the cubic 
crystal Plates evidently obtained by cleavage in this manner and sub- 
sequently polished can be readily obtained from jewellers in India The plate 
actually used was about half a square centimetre in area with a thickness of 
0 76 millimetre The crystal was mounted on the goniometer with its faces 
nearly vertical and nearly normal to the X-ray beam The crystal was set 
by trial so that the (11 1) planes within the crystal from which the reflectioitsf 
were to be studied were vertical, as also the adjoining lattice spacings parallel 
to the form of the cube Thus, when the crystal was rotated about the vertical 
axis of the goniometer, the plane of incidence of the X-rays on the (111) 
spacings remained horizontal throughout, coinciding with a plane of symmetry 
of the crystal parallel to the form of the dodecahedron Particular care was 
taken in mounting the crystal to ensure that the goniometer axis passed through 
the portion of the crystal irradiated by the X-ray beam Small rotations 
of the crystal introduced no sensible change in the distance from the 
crystal to the photographic film This however, was checked up at every 
setting of the crystal The actual distance from the diamond to the film was 
3 99 centimetres for Figs 5 (a) to (g) and 3 95 cm for Figs 5 (h) to (k) m 
Plate XVn With the aperture used, the X-ray beam traversing the diamond 
had an appreciable angular divergence The round shape and sharpness of 
the spot as recorded on the film, however, enabled the position of its centre 
to be located with such accuracy that the use of a finer X-ray pencil would 
merely have prolonged the exposures necessary and thereby increased the 
difficulties of the investigation without any material gain in precision 

Since, in these experiments, the reflections occur in a plane of symmetry 
of the crystal, it follows that we may write the geometric law (1) in the form 

2 </ sin i (5 -f- sin = A sin ^ (2) 

ff and ^ being the glancing angles of incidence and dynamic reflection 
measured as usual from the crystal planes Since the actual value of the 
crystal spacing is known, viz , 2 056 A U , the most convenient representation 
of the data is to regard the spacing as an unknown function of 0 to be deter- 
mined from the observed values of 0 and ^ and the formulse used The angle 
0 disappears from equation (2) when 0 — ^ Thus, whatever be the chosen 
value of the graphs representing the calculated values of the spacing as a 
function of 0 calculated with different assumed values of ^ all necessarily cross 
at the same point This should agree with the known spacing of the crystal 
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within the limits of experimental error When however, 0 the spacing 
calculated would diverge progressively from the actual value unless the correct 
value of ^ has been chosen The appearance of the graph as a horizontal line 
in a position agreeing with the known crystal spacing thus furnishes an exact 
test of the formula employed 

Fig I shows three graphs in which the experimental observations have 
been set out in the manner indicated The graphs marked represents the 
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crystal spacings calculated from the approximate formula 

2</sin (3) 

The graph marked d^ represents the crystal spaemgs calculated from 
the formula 

rffsin 9 + cos 0 tan A. ( 4 ) 

This formula which is of the same form as that denved ongmally by Fax^n 
on the basis of the scattenng theory, would also represent the geometric 
formula of quantum reflection if the phase-waves of the infra>red lattice 
vibration had an arbitrary onentatipn withm the crystal, and the actual 
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geometric position of the reflection were determinable from a consideration 
ot the minimum phase wave-length. The graph marked d in the figure was 
calculated from the formula (2) above, assuming to be 54® 44' It will be 
seen that it is a horizontal straight line with a spacing very closely agreeing 
with the known value On the other hand, the graphs d^ and dt diverge 
rapidly from the known spacing at except the point where all the three 
graphs intersect 

To indicate the degree of accuracy with which the angle <9 is determinable 
from the observations, the graphs drawn for three diflerent values of the angle 
are shown in Fig 2 It will be seen that the angle lies certainly within one 
degree of half the tetrahedral valence angle 



Fio 2, The InclmaUon of the Phase Waves 

The experimental facts emerging from Figs 6 {a) and (b) m Plate XVIII, 
and from Figs 1 and 2 above in the text are thus of a completely decisive 
character. The Debye-Faxin-Waller theory of X-ray scattering demands a 
distribution of the intensity of the scattered X-rays over an area whose angular 
extension is expressed in as many degrees of arc as the setting of the crystal 
IS moved away from the position required for the classical X-ray reflection. 
It also demands that the position of maximum intensity in such scattering, 
though not capable of being measured with any particular precision, should 
follow the course of the curve marked dt in Fig. 1. On the other hand. 
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the actual spread of the quantum reflection is not experimentally detectable 
and if it is finite, is measureablc in minutes of arc rather than in degrees, as 
indicated by Figs 6 (a) and (b) The geometric direction of the reflection is 
capable of being determined with precision and follows a wholly different 
law, namely that defined by equation (2) above The facts thus definitely 
negative any possibility of explaining the phenomena in terms of the Debye- 
Fax6n- Waller theory. The observed specificity oj the value of & also forms a 
direct experimental contradiction of the Born postulate of the cyclic lattice, 
since the latter assumes the phase-waves of the vibration of the crystal lattice 
to have all possible orientations instead of a definitely restricted onentation 
as shown by the X-ray results We have thus no choice left except that of 
assuming the infra-red or high-frequency vibrations of the lattice to be the 
factor responsible for the observed X-ray reflections 

We may now consider the question why the phase-waves of the 1332 
vibration which are evidently responsible for the (111) reflections are parallel 
to the form of the cube The answer to this is evidently that the nature of this 
vibration is determined by the geometry of the crystal structure Each 
carbon atom in one Bravais lattice is joined by four valence bonds in a sym- 
metrical fashion to four other carbon atoms belonging to the other Bravais 
lattice The individual valence bonds are normal to the octahedral planes 
in diamond, while the planes parallel to the cube faces bisect the angles 
between the valence bonds taken in pairs The vibration responsible for giving 
the reflection by a particular set of octahedral planes is normal to them and 
therefore parallel to one of the valence bonds. Since the three other bonds 
are also possible directions for such a vibration, it is to be expected that the 
plane of the phase-waves would take an intermediate direction, which by 
symmetry should bisect the angle between them On the basis of this argu- 
ment, It is evident that there should be three sets of possible phase-waves 
which are respectively parallel to the three pairs of faces parallel to the forms 
of the cube This result demanded by considerations of symmetry is foimd 
as we shall see presently, to be fully supported by the experimental facts 

5 The Azumtth Effect 

A further remarkable confirmation is forthconung for the result that the 
phase-waves associated with the 1332 vibration are restricted to a specific 
crystallographic orientation This is the so-called azimuth effect, which was 
foreseen theoretically before it was sou^t for and confirmed ocpenmentally 
by the authors. Since the phase-waves for a (111) reflection are parallel to 
the adjoining cube face, it follows that if the crystal plate be rotated in its own 
plane so as to make the plane of incidence no longer a plane of symmetry of 
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the crystal, the quantum reflection should move out of such plane of inci* 
dence Why this effect occurs becomes evident when we recall that the plane 
in which the quantum reflection should appear is the planfe of incidence of 
the X-rays on the dynamic stratifications, in the circumstances considered, 
these are no longer perpendicular to the plane of incidence of the X-rays on 
the static crystal planes This situation is readily appreciated with the aid 
of a vector diagram in which the reciprocals of the crystal spacing and of the 
phase-wave normal are geometrically represented The point at which the 
phase-wave normal intersects the sphere of reflection necessarily moves out 
of the plane of incidence when the crystal is rotated in its own plane, the angle 
of incidence being retained constant It is evident that such displacement 
would be zero if the reciprocal phase wave-length is zero; it changes sign when 
the direction of the wave-normal is reversed either by a change of the crystal 
setting or by a change of the X-ray wave-length In other words, the dis- 
placement of the quantum reflection out of the plane of incidence would be 
zero when it coincides with the Laue reflection, and would be of opposite signs 
when it lies respectively on the two sides of it It should also increase pro- 
gressively as the quantum reflection moves away from the Laue spot in either 
direction The theory of the effect has been very fully discussed and illus- 
trated by appropriate diagrams in the paper by Pisharoty already cited We 
need not therefore enter into the matter here in further detail. The necessary 
mathematical formula will be found in Pisharoty's paper The effect is 
illustrated in Figs 10 (a) and (b) in Plate XIX The angular displace- 
ments of the reflections out of the plane of incidence as measured from the 
photographs are in quantitative agreement with those deduced from the 
formula 

6 Explanation of Multiple Spots and Streamers 

Another striking confirmation of the theory of phase-waves is afforded by 
the phenomena arising from the fact that there are three sets of phase-waves 
and therefore three quantum reflections corresponding to the points where 
the phase-wave normals meet the sphere of reflection As these normals 
are at right angles to each other, it is not to be expected that all the three 
reflections would be observable in every case The setting of the crystal 
would obviously determine the effects actually recorded It is evident that 
if the phase-wave vector nearly grazes the sphere of reflection, the finite diver- 
gence of the incident X-ray beam would result m the reflection appeanng 
as an oblique streak or an elongated elliptic spot, instead of as a round 
circular spot; the latter would be the observed result only when the vector 
cuts the sphere of reflection normally The intensity of the streamers or 
elliptic spots would vary with the reciprocal phase wave-loigth at each point, 
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being greatest when this is a minimum and tending to zero when it is large 
Hence, these streamers and subsidiary spots would be most prominent when 
the setting of the crystal ts such that the Laue and quantum reflections nearly 
coincide On the other hand, when the quantum reflection is far removed 
from the Laue reflections, all trace of them should disappear These effects 
are well illustrated as the series of photographs reproduced in Figs 5 {a) to 
(At) a detailed discussion of them and of various other cases is given m the 
paper by Mr Pisharoty already cited to which the reader may be referred for 
further particulars Remarkable changes in the appearances of the streamers 
and subsidiary spots occur when the azimuth of the setting of the crystal is 
altered Some of these features arc illustrated in Figs 10 (a) and {h) and 
1 1 (a) and (b) in Plate XIX, and are in full accord with the indications of 
the theory 

7 Intensity of Quantum Reflection 

Extremely rapid changes occur in the intensity of the quantum reflection 
as It approaches from the Laue spot with an alteration of the setting of the 
crystal This effect is seen in the series of pictures reproduced in Figs 5 (a) 
to {k) and IS even more pronounced than would appear from the photographs 
since the exposures were considerably prolonged for the first few and the last 
few pictures of the series A better idea of the situation is obtained from 
Fig 7 which is reproduced from the article in Current Science for April 1940 
It will be noticed that both the K« and reflections fall beyond the spot 
marked A and are so feeble as only just to be visible in the reproduction 
The quantum reflection of Kg is beyond the spot marked C, while the 
reflection actually coincides with the latter and therefore also with the classical 
monochromatic reflection The spot marked C therefore appears very 
intense The Kc, and K |3 quantum reflections appear respectively on the two 
sides of the spot marked B, the former being of great intensity The illus- 
tration shows clearly that as the quantum reflection approaches the Laue 
spot, Its intensity rapidly increases and ultimately becomes quite large 

It IS evident from the pair of pictures appearing in Fig 8 (a) and (b) 
that the intensity of the quantum reflection of the monochromatic X-rays 
may actually exceed the intensity of the Laue reflection by the same spacings 
of the white radiations accompanying the characteristic X-rays of copper 
That the classical and quantum reflections of the same wave-length arc of 
comparable intensity when they are superposed is indicated by the 
photographs reproduced as Figs 11 (a) and (6) in Plate XIX It will be 
noticed when the crystal is set so that the classical and quantum reflections 
coincide, the streamers emerging from the reflections on both sides are easily 
visible. Since these streamers are necessarily much weaker than the prmcipal 
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quantum reflection, it follows that the latter should be comparable in its 
intensity with the classical reflection of the same wave-length which appears 
superposed on it The experimental facts are thus in general accord with 
the conclusions arrived at from the quantum theoretical calculations set out 
in the preceding paper. 

Experiments have also been made varying the thickness of the plate of 
diamond as also the width of the beam of X-rays used These factors are 
found within wide limits to be without influence on the relative intensities of 
the classical and quantum reflections under otherwise similar conditions, 
thus supporting the indications of theory On the other hand, the diffuse 
continuous background of scattered radiation appearing in the Laue patterns 
of diamond [c g , in Figs S (a) to (k) and in Fig 7] is practically suppressed 
by using thin plates or fine X-ray beams 

8 Influence of Htifh and Low Temperatures 

The spectroscope enables us directly to observe the changes of frequency 
in the scattered radiations which arise when energy and momentum are 
exchanged between a beam of light and the crystal which it traverses The 
quantum-mcchanical character of such scattering is indicated by the difference 
of the intensities of the radiations of increased and diminished frequencies 
respectively The theoretical ratio of these intensities is simply the Boltz- 
mann factor e actual measurements giving values closely agreeing 

with It In the parallel X-ray problem, neither the spectroscopic observa- 
tion of the change of frequency nor the comparison of the mtensities of the 
two components (v-t v*) is at present possible What we observe is the 
superposed effect of both components of frequency which, as shown in the 
preceding paper, is proportional to 

e -^*'**+ 1 ... 

Measurements of the variation of intensity with temperature within the range 
for which the formula (5) may be expected to be valid should therefore enable 
us to demonstrate the quantum-mechanical character of the effects and to 
evaluate the frequency v* of the vibrations responsible for them m any parti- 
cular case. 

As shown earlier in this paper, the 1332 vibration is the only one which 
can be expected to give an appreciable variation of the structure amphtude 
of the (1 1 1) planes in diamond It follows from this fact and from formula 
(5) that the intensity ofvthe quantum reflection by the(lll) planes should be 
sensibly independent of temperature. This result was indicated as a conse- 
quence of theory in the Current Sctence article of April 1940. In the more 
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detailed paper of May 1940, experiments were described in which the diamond 
was heated up to 500° C without any notable enhancement of the intensity 
of the reflection resulting therefrom Experiments at low temperatues were 
also indicated as a further test of the theory A suitable high vacuum low- 
temperature X-ray camera suitable for quantitative work was then developed, 
and the tests made with it with the crystal cooled down to liquid-air tempera- 
ture showed that the reflections continued to be visible at such temperatures 
This was reported in a letter to Nature, dated the 20th September 1940 pub- 
lished in its issue of the 23rd November 1940 Further comparisons showed 
that the intensity of the reflections by the (111) planes at room and at liquid- 
air temperatures were practically identical This result was communicated 
in a letter to Nature dated the 23rd November 1940 and published in its issue 
of the 25th January 1941 



Pn 3 High-Vacuum Low-Tempentute X-Ray Camera 


The special X-ray camera designed and constructed for the experimental 
study of quantum X-ray reflections at liquid-air temperatures is illustrated 
in Fig 3 above The diamond is imbedded in a copper block which forms 
the lowest end of the receptacle for holding the liquid air A hole bored 
through the block allows passage for the X-ray beam. Both the crystal and 
the photographic film recording the X-ray pattern are held inside a high 
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vacuum, the latter being produced by an oil diffusion pump No intensifymg 
screen was used in these experiments A small lead disc attached to the film 
served to cut off the central beam of X-rays Photographs were taken under 
identical conditions with and without cooling the crystal by Lquid air 
Figs 12 (fl) and (b) in Plate XX, reproduce two typical photographs obtained 
in this way, the former at liquid air and the latter at room temperature. 
No sensible difference is noticeable in these photographs between the inten- 
sities of the quantum reflections appearing in the vicinity of the three Laue 
spots Figs 13 (a), (b) and (c) in Plate XX present a similar comparison of 
the intensities for the quantum reflections photographed under similar condi- 
tions at 25° and at 400° Centigrade Here again, no difference in intensity is 
perceptible The experimental results thus completely estabhsh that the (1 1 1) 
reflections arise from a quantum-mechanical excitation of the infra-red vibra- 
tions of high frequency It is important to notice that the reflections seen in 
Fig 12(a) are situated in the near vicinity of the Laue reflections Accord- 
ingly, if the effects had arisen from elastic vibrations of the lattice, these 
would have been of very low frequency and would therefore have been totally 
suppressed by the cooling of the crystal to liquid air temperature 

9 Quantum Scattemg 

The diffuse halo surrounding the primary beam is a very striking feature 
of the Laue pattern reproduced in Fig 7, the radiations here used bemg those 
of a copper target Fig 14 m Plate XXI reproduces a similar picture taken with 
the X-rays from a molybdenum target and shows a noticeable contraction of 
the halo, but not so great as should have resulted if the halo had been due 
entirely to the monochromatic X-radiations present That the halo is not 
due solely or even principally to the scattering of the X-rays by elastic vibra- 
tions of thermal origin is shown by the fact that it persists at liquid air tempera- 
tures as seen in Fig 12 (a) in Plate XX. Since the halo is recorded with the 
diamond inside a bigh-vacuum camera, it is evident that the effect cannot be 
due to the diffusion of the X-rays by the air This is also otherwise clear 
from the fact, already mentioned, that the use of thin plates of diamond tends 
to supress the intensity of the halo in comparison with those of the regular 
reflections We are thus obliged to conclude that the halo is a quantum 
mechanical effect, the X-rays exciting the vibrations of diamond lattice having 
much lower frequencies than 1332 and somewhat similar characters to the 
vibrations of an elastic solid. The extent to which the mtensity of such 
scattering would be diminished by lowering the temperature would be greatest 
for the vibrations of the lowest frequency and least for those of the highest 
frequency. The intensity of the halo should therefore fall off in the close 
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vicinity of the direct beam, and remain sensibly unaffected in directions far 
removed from it The distinct sharpening of the halo at low temperatures 
noticed on a comparison of Figs 12 (a) and (b) is probably to be explained in 
this way The outermost parts of the halo may reasonably be attributed 
to a diffuse scattering of the X>rays by the lattice planes of the crystal in 
combination with the elastic vibrations of the structure 

10 Summary 

The paper presents the experimental evidence furnished by the X-ray 
studies with diamond which confirms the theoretical ideas and mathematical 
formulation contained in the two preceding papers The nature of the 
vibrations of the crystal lattice of diamond is first discussed with special 
reference to the mode having a frequency of 1332 wave-numbers This vibra- 
tion gives a large variation of the structure amplitude of the (111) crystal 
planes, while other vibrations of a different character leave it unaffected 
Various experimental tests show that the X-ray reflections of the second kind 
given by these planes are truly specular or geometric in character Measure- 
ments of the geometric positions of the reflections over a wide range of 
crystal settings show a complete agreement with the theoretical formula, 
the phase-waves of the vibrations appearing parallel to the (100) planes of the 
crystal Symmetry demands that there should be three such sets of phase- 
waves, and this is fully substantiated by the experimental facts The 
quantum reflection moves out of the plane of incidence when the crystal plate 
IS rotated m azimuth The appearance of multiple spots and streamers is 
also explained by the theory The intensity of the reflections is of the order 
of magnitude indicated by the theory and is sensibly independent of the tem- 
perature in agreement with it The phenomenon of quantum scattenng is 
also briefly described and discussed. 
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/ . Introduction 

a narrow pencil of monochromatic X-rays is passed through 
, dynamic stratifications are excited in the crystal lattice and the 
the Raman or quantum X-ray reflections of altered frequency’ 
: particular setting of the crystal at which they are most intense c^ 
ction with the Bragg or classical reflections by the same crystal 
resent paper deals with the calculation of the structure amplitt 
lynamic stratifications in the particular case of diamond on the 
ption that the incident X-rays impart to each degree of freedom 
ig to an infra-red oscillation of the lattice an energy equal to i 
the frequency of the oscillation and h the Planck’s constant 
:ity of the structure of diamond and the well-known charactei 
1 active, infra-red lattice oscillations, facilitates the calculation, 
planes which have zero structure amplitude for the classical 
ons are shown to possess finite dynamic structure amplitudes 1 
i or quantum reflections, thus accounting for the appearance 
sd “forbidden” reflections in diamond. 

2. Oscillations of the Diamond Lattice 

i is well known, a crystal of diamond can be pictured as built up 
interpenetrating face-centred cubic lattices or of two interpene 
ohedrons. On the former view the unit cell consists of eight 
an the latter it consists only of two atoms. Adopting the rh^ 
unit cell, Nagendra Nath® as well as Venkatarayudu® have d 
al expressions for the normal modes of oscillation of the dit 
and have shown that there is only one triply degenerate Raman 
sd oscillation possible for the lattice. In other words, there art 
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cell of two atoms We will adopt this point of view and take the Planck 
oscillator in diamond to consist of two atoms and be of frequency 3 996 x 10'* 
sec corresponding to the shift of 1332 cm wavenumbers exhibited by the 
intense Raman line 

3 The Dynamic Stratifications Associated with the 
(111) Reflections 

The co-ordinates of the lattice points of a unit cell of diamond, referred 
to rectangular axes, are known to be 

000, Oii, iOi, HO, 
and 2ii 

Here the unit is 3 56 AU as obtained from the X-ray measurements The 
structure amplitude F of the (A k 1) planes is given by the formula 

¥ - 2fp ^ jj) 

9 

where fp is the atomic scattering factor of the pth atom whose co-ordinates 
are \p, yp, Zp 

When the atoms are at rest, the value of F for the (1 11) planes of diamond 
is given by 

4/i(l~i), 

where we take/,, the atomic scattering power of the carbon atom, to be the 
same for all the atoms of the unit cell 

We will suppose that the incident X-rays excite the mfra-red vibrations 
of the lattice in which one lattice vibrates against the other, the direction of 
vibration being assumed to be normal to the (111) planes. We are justified 
in this as we know from the Raman effect data for diamond that its intense 
infra-red oscillation is triply degenerate and since the oscillations parallel to 
the planes themselves have no influence on their structure amphtude We 
further assume, as a limiting case, that all the unit cells vibrate completely 
in phase and that each cell is endowed with a quantum of energy by*, 
where v* is equal to 3 996 x 10'* sec.”', the observed frequency of the lattice 
oscillations in diamond 

The periodic displacement of thepth atom beloogmg to one of the lattices 
IS given by 

Dp^^\dxp-¥idypp-¥kdzp ( 2 ) 

where 

dxp^Op sm (2ir V* t—O^dyp’^^dZft 

since the oscillation is normal to the (111) plane and all the atoms of one 
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lattice are in phase The displacements of aU the atoms of the other lattice 
are equal but opposite to those of the first 

If A be the amplitude of the oscillator taken along the [111] direction, 
we have 

A 

" V3 

It IS well known that the diamond lattice has three degrees of freedom corres- 
ponding to the elastic and another three corresponding to its infra-red, lattice 
oscillations Hence each Planck oscillator composed of two atoms — one 
from each lattice — has an energy hv* associated with it Therefore, if A be 
the amplitude of oscillation of one carbon atom and m its mass, we have 

hv*^ii:mv*^2x\m (2 w A v*)* 


t e . 


A*- 


4it*m V* 


and 




Substituting the values for h, m and v* we obtain, 

a=0 0268X 10-»cm (3) 

We will calculate the structure amplitude of the dynamic (111) planes 
on the assumption that the atoms do not move appreciably in a time 
interval equal to the period of the X-ray vibration 

The co-ordinates of the vibrating atoms in a unit cell are 


and 



dx dy dz 

M ' u’ M ’ 


0+ 

«/v 1 

IT’ 2 

dy 1 
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+- 
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^-04- 

dy 1 
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(4) 


Here 3*56 AU— the side of a unit cell. Substituting these values in 

equation (1) and putting — /■» 1, we obtain 


Fm= 4/i - le 




1 .} 
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We have the well-known relation 

Jo (a) + 2 I Ji (a) sin /5 + 2 J, (a) COS 2 P 

-f- 2 / Jo (o) sin 3 /? +2 J 4 (o) COS 4 /? 

+ 

where J„ (a) represents the nth order Bessel function of a 
Let us put 

6»ra 

— - a 

U 

and (27rv*r- f)=/S 

Then we obtain that 

Pill “ 0 [Jfl 2 *^i (®) 2 Jj ( 0 ) cos 2 p 

— 2 Jj (a) sin 3 /3 + 2 J 4 (a) cos 4 j5 

1 

The reflected radiation at a great distance p from the unit cell is given by 

ZnHvt-plX) 

F e 


where v is the frequency of the X-ray beam and A its wave-length 
ing that 


sin p--= 


2T" 


, and cos p 


e‘P+ e~*f 

- 2~ 


Remember- 


the expression for the secondary radiation becomes 
A r it « I / 1 2lri(W-/»/A) 

4/i(l-J) Jo(o)e 


+ 

I 


4/x (1 + 0 Ji (a) e 




4/i (I - I) J» (tt) e 




(5) 


This means that the secondary radiation in the direction of the classical 
reflection consist partly of altered frequencies Since a is small, terms con- 
taining Jj (a) and higher orders may be omitted On quantum mechanical 
principles the intensity of the antistokes (v+ v*) will be much smaller than 
that of the stokes (v - v*), so that the modified radiation consists practi- 
cally only of (v— V*) The ratio of the structure ampltitude of this stokes* 
to that of the unmodified reflection is 


J,<«) 
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Thus in the correct Bragg setting of the crystal, these dynanuc stratifica- 
tions also are capable of giving a total refiection of the X-rays with modified 
frequency. But due to the phenomenon of ‘extinction’ for the primary beam 
in the correct setting of the crystal, the actual percentage of the modified 
reflection can never exceed about 7% of the total reflected intensity Of 
course this can happen only when all the Planck oscillators are in phase — a . 
limiting case 

'/ The Dynamic Stratifications Associated with 
the (222) Refiections 

Employing the values for the co-ordinates of the atoms given by the 
expression (4) and substituting h=k=l=2, we obtain 

Fa**- l^sin(v*i 0 - 

where /' is the atomic scattering factor in the required direction 
Let us put, 

I2ira , , 

-= a = 2a 

U 


and {2iTv*t-i)=p 

so that 

F*** “ 8 f* i [2 (e^) sin ^ 2 J 0 (a‘) sin 3/3-1- 


Hence the expression for the secondary radiation is 

+ 8 /-J, 


± 


( 6 ) 


We find that there can be secondary radiations of only modified frequent^ 
In other words, if the atoms are at rest there can be no Bragg reflection at all 
a' being small, Bessel functions of higher orders than the first can be omitted 
The intensity of the antistokes (v 4- 1 **) being neghgible in comparison with 
(v— V*), the (222) reflection will practically consist of X-rays of frequency 
(v — V*) and the structure amphtude of the spacings will be 

8/'Ji(a') 


its ratio to the structure amplitude of the static (111) spacmgs is 

2/'J,(a') 


Taking the Hartee interpolation values for /' and the above ratio 
works out to be nearly 0*14. 
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It IS well known that the (222) reflection m diamond is observed*** in 
contradiction with the ordinary theory It has been suggested* that this 
may be due to the two neighbouring carbon atoms of diamond being non- 
centro-symmetric regarding their scattering power This hypothesis is 
supported neither by the calculations of L Pauling* for the charge distnbution 
• in the carbon atom nor by the calculations of Hartee^ for the scattering power 
of the atom The above hypothesis is further contradicted by the non- 
appearance of the (200) reflection 

For a specimen of diamond behaving as an ideal crystal Ehrenberg, 
Ewald and Mark* estimate the intensity of the (222) Mo reflection from 
a rotation picture about the (110) axis to be about a third of the (400) Mo Kp 
reflection According to Hull the intensity ratio Kp for Mo is nearly 
2 4 The above authors have found that the (400) reflection is about half 
as intense as the (111) reflection Thus in their estimate the (222) reflection 
IS about 0 07 times the (111) reflection 


For a perfect crystal the ‘ integrated reflection ’ is proportional to 


F (l + |cos2g|) 
sih 20 


= F cot 0, 


(0<4S‘‘) 


Hence the ratio of the (222) modified reflection to the (111) unmodified reflec- 
tion would be 


0 14x 


cot 20" 
coTTo® 


^0 068 


for the Mo radiation employed by those authors This value is m excellent 
agreement with their observation We may therefore reasonably infer that 
the (222) reflection actually observed is entirely a quantum or Raman reflec- 
tion 


5 The Dynamic Stratifications Associated with the (220) Rtfiectiom 

If we substitute h —k’^2, and / — 0 in equation (1) and use the co-ordi- 
nates of the atoms of the unit cell as given by the expression (4) we obtain for 
the structure amplitude of the dynamic (220) planes, the following expression 

Pno-= 8/* cos sin (27r v* r- f)J 


Here 


^8/, {J, (tti) +21, (o,) cos 2 /i+ 2 J, (o,) cos 4 /5 + } 

8fra 


/} s= (2if i»*t — f) 

and /, is the corresponding atomic structure factor 
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Hence the expression for the secondary radiation is 

R /■ I i.\ 

+ 8/« J* (ai) 
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+ • (7) 

As before if we neglect the second and higher order Bessel functions of 
the small quantity we find that the (220) planes cannot give nse to any 
modified reflection of appreciable mtensity The failure of Dr Hilakantan 
to record the (220) modified reflection m spite of a large number of trials is 
thus explicable 


6 The Dynamic Strat^catwns Associated with the (200) R^ections 


According to the classical theory, the (200) reflection is another of the 
forbidden reflections in diamond But the assumption of Planck oscillators 
excited by the incident X-ray quanta gives the following expression for the 
reflected radiation from these planes 


■k 


8/.Ji(a,)e 


2irt{(i'J.v*) l-fi) 




8/.J,(a,) 




i (8) 

Here — and/j is the atomic scattering factor of the appropruite direc- 
tion This indicates a Raman reflection unaccompanied by any Bragg reflec- 
tion But the intensity of this modified reflection of frequency (i*— v *) — the 
others being neghgible, can only be a third of the (222) reflection In a rota- 
tion photograph about the (110) axis the number of the co-operating planes 
for the (2(X)) reflection is only two while for the (222) it is four. Ehrenberg, 
Ewald and Mark* remark that in a rotation picture about the (110) axis the 
(222) reflection was just recorded while there was no indication of any (200) 
reflection Their observation finds a ready explanation on this idea of lattice 
oscillations accordmg to which the (200) spot has to be sa tunes weaker than 
the weak (222) spot. 


7. The Dynamic Stratifications Associated with the (662) Ructions 

Since A -{-k+/»(4n+2) for this case, the (662) reflection u also 
'forbidden* by the classical theory SobsUtuting these values oihtk and / 
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in (1) and using the co-ordinates given by expression (4), we obtain for the 
reflected radiation from the (622) planes the expression 


- 8 /4 Ji (ea) e 


r7r/{(v-fc 


t 8/4J,(a3)e 


Itrl -ft) 


Here 


i 


®3-- 


28 ira 

~u 


(9) 


and ft IS the atomic scattering factor in the direction of this reflection 

The expression shows that there is no unmodified or Bragg reflection 
Neglecting the ‘ antistokes’ and the second and hi^er order Bessel functions 
the ratio of the dynamic structure amplitude of this reflection to that of the 
(222) reflection is 

f Ji(a') 

The values of A and /' of the carbon atom for the respective glancing 
angles of 60° and 10°, when Mo radiation is employed, are found from 
the interpolation values obtained by the Hartee method and given m the 
“ International Tabellen Zur Bestunmung Von Knstalstnikturen ” They 
are 0 8 and 1*8 respectively Substitutmg these values and the values of 
a' and a,, the above ratio works out to be nearly 0 9 

Since in a rotation picture the intensities of the spots on the equa- 
torial line are proportional to 

1 -1- 1 cos 20] _ cot 9 when <45° 
sin 2 0 ~ tan 0 when ^>45°, 


the ratio of the intensity of the (662) to the (222) quantum reflection will be 
nearly 

rt Q ^ 0 


Ehrenberg, Ewald and Mark* remark that this ‘ forbidden ’ (662) reflec- 
tion does appear m a rotation photograph and that it is weaker than the 
' forbidden ’ (222) reflection , but they suggest a ratio 0 3 The discrepancy 
IS not large when one remembers that these reflections are extremely weak and 
that the experimental value of the ratio of their intensities is only an esti- 
mate 

8 Other Lattice Oscillations 


As mentioned in the Introduction we have here considered the rhombo- 
hedral'unit cell having only one lattice oSollation which was identified as 
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that giving the Raman frequency of 1332 cm The recent work of Nayar* • 
on the luminescence and ultra-violet absorption spectra of duunond at low 
temperatures has revealed that the lattice spectrum of diamond contains 
a whole series of discrete frequencies ranging down to about 127cm~' 
Amongst these, 1 332 and 780 appear most prominently and are the principal 
members of the two important groups of frequencies Until these modes 
of vibration with lower frequencies are fully investigated and can be dyna- 
mically specified, it is not possible to discuss their influence on the dynamic 
structure amplitudes of the various crystal planes It may be anticipated, 
however, that such influence should be relatively unimportant in respect 
of the lattice planes for which the 1332 oscillation is active On the other 
hand, it is quite possible that for those planes for which the 1332 vibration 
IS inactive, e g , the (220) planes, the lower frequencies may influence the 
structure amplitudes appreciably and give rise to dynamic reflections If 
this were the case, such reflections would necessarily exhibit a more marked 
temperature dependence of intensity than the planes which are chiefly excited 
by the 1332 oscillation 

I am very much indebted to Sir C V Raman, f r s , for his kind and 
helpful guidance in the course of this work 

9 Summary 

On the Raman idea of quantum exchanges of energy and momentum 
between a crystal lattice and an X-ray photon traversing it, the dynamic 
structure amplitudes of the various crystal planes of diamond are worked 
out assummg that each Planck oscillator takes up one quantum of infra-rcd 
vibrational energy from the incident X-rays It is shown that such an inter- 
action gives rise to X-ray reflections of altered frequency in most cases The 
structure amplitude of the (111) planes for this modified or Raman 
reflection is found to be about 7% of that of the same planes for 
the Bragg reflection The (222) planes, the (2(X)) planes, and the 
(662) planes, the Bragg reflections from which are * forbidden * according 
to the classical theory, are found to possess finite structure amplitudes for 
the quantum reflections The values of these structure amphtudes are shown 
to quantitatively account for the mtensities of the reflections appearing from 
these planes as recorded by Ehrenberg, Ewald and Mark It is therefore 
suggested that the so-called ‘forbidden* reflections which appear in diamond 
are pure Raman or quantum reflections of modified frequency 
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/ Introduction 

Early in 1940, Sir C V Raman and Dr P Nilakantan made the very signi- 
ficant discovery that the (1 1 1) planes of the crystal lattice in diamond give a 
second kind of monochromatic X-ray reflection which is as truly geometric 
as the usual Bragg reflection, being quite as sharply defined, but having 
evidently a different origin since it is observable over a wide range of settings 
of the crystal and obeys a different geometric law The pbserved characters 
of this reflection indicated that it represents the X-ray analogue of the well- 
known Raman effect observed in the scattering of light. In other words, the 
X-ray photon falling upon the crystal excites the high frequency or infra-red 
vibrations of the crystal lattice, the latter deriving their energy from the 
incident X-rays The appearance of the X*ray photon of diminished energy 
as a geometric reflection by the lattice planes is accounted for on the very 
reasonable assumption that the infra-red vibrations are excited simultaneously 
in all the lattice cells of the crystal with such phase relations as to give rise 
to a coherent effect It follows from these considerations that if the primary 
X-ray frequency is v, the reflected X-rays have a frequency (v— v*), v* 
being the frequency of the excited infra-red vibrations of the crystal 

It is well known from the Raman effect studies on the scattering of light 
m crystals that in general, both “ Stokes ” (v — v*) and " anti-Stokes ” 
(v + v*) radiations are observed in the spectra, their absolute intensities being 
respectively proportional to 

and their relative intensity being accordingly 1 When hv*^kT, 

It is evident that only the component of dumnished frequency 
would be present. On the other hand, when hv*^ kT, the two 
components tend to be of equal intensity In the case of diamond, the 
observed facts indicate that the infra-red vibrations excited by the X-rays are 
the same as those giving the strong Raman Ime at 1332 cm~^ Smce 
therefore, hv* is much greater than kT at the ordmary temperature, it 

387 
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follows that m the case of dtamond we are only concerned with X>rays reflected 
with dmimshed frequency It follows also, as indicated by the formula, 
that the intensity ol the reflection should then be sensibly independent of 
temperature This indication of theory was confirmed by Raman and Nila- 
kantan in their earliest experiments by heating the diamond to a few hundred 
degrees above the room temperature, no marked increase of intensity beirg 
then observed They also suggested as attest of the theory, the study of the 
effect of cooling down the diamond to liquid air temperature This test 
was carried out by them a few months later , the results which were in entire 
accord with the theory were briefly reported at the time (1940) A more 
detailed description of the full technique of the investigation appears in a 
paper by Raman and Nilakantan elsewhere in these Proceedings 

It IS obviously of great interest to supplement the investigations on 
diamond by similar researches with other crystals at low temperatures It is 
evident that, in general, we would have quantum or Raman X-ray reflections 
of both diminished and increased frequencies superposed on each other The 
observed intensity of the modified reflection should then be the sum of the 
two expressions quoted above In other words, the actual intensity of the 
quantum reflection would be proportional to 

At sufficiently low temperatures, this expression reaches the hmiting value 
unity On the other hand, at sufliciently high temperatures, it asymptotically 
tends to the value 2 kTIhv*, thus becoming proportional to Ae absolute 
temperature It is evident also that the ratio between the limiting intensity 
at low temperatures and the values reached at higher temperatures would 
depend on the frequency of the infra-red vibrations of the crystal excited by 
the X-rays The higher this frequency, the more nearly would the intensity 
tend to remain constant throughout the whole range of temperature On 
the other hand, when the frequency v* is low, we should have to go down to 
liquid air temperatures or even lower before the limiting intensity is reached 

It is evident from the foregoing remarks that the study of the quantum 
or Raman X-ray reflections gives us a method of investigating the mfra-red 
spectrum of crystals from a new point of view, which should obviously prove 
of great importance It should also be remarked that the study of the intensi^ 
curves of the modified reflections and their comparison with the vanation to 
be expected theoretically from the known infra-red frequencies of the 
crystal, would fhrnish an experimental confirmation of the nature of these 
r^ections as quantum or Raman reflections of modified frequency and 
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indeed enable us to determine by a thermodynanuc method the actual changes 
of frequency occurring in such reflections To emphasize this aspect of the 
matter, the present investigation has been carried out with a senes of four 
crystals whose infra-red frequencies are in descending order of magnitude, 
VIZ , carborundum, sodium-nitrate, rock-salt and penta-erythiitol 

2 Experimental Arrangements 

The X-ray camera used for taking the Laue photographs at low tempera- 
tures IS constructed essentially on the principles developed by Nilakanlan 
and IS illustrated in Fig 1 The crystal C is mounted in a cavity at the end of 
a copper rod R fixed to the bottom of the inner tube of a cyhndrical metal 

Dewar flask D and carefully pressed into 
meldllic contact by thin copper foils and a 
screw ring E Si — Sj is the lead-slit system 
which IS fixed to the camera B in such a way 
that the narrow beam of X-rays emerging frem 
it passes through the centre of the crystal, 
and falls on the photographic film The film 
adapter P is screwed ton to the flange-end of 
the camera and an aluminium flat A is fixed 
at the end by pressing it home with high- 
vacuum putty The lead slit Si is rendered 
vacuum tight by a thin aluminium foil A high 
vacuum is mamtaincd in the camera through- 
out the exposure by means of an oil diffusion 
pump One fill of the tube D with liquid air 
lasts for half an hour , but during the exposure, 
the level is made up every fiffecn minutes 
The exposure is started only half an hour 
after the crystal is cooled down to the hquid 
air temperature, thus ensuring the crystal 
being at that temperature from the start of 
the exposure In photographing the spectra, an intensifying screen is 
not used, as it was found that the latter becomes a senous source of 
error m the measurement of the intensities of spots. The X-ray generator 
is a demountable CooUdge tube with a Mo*anticathode and operated at 45 
K V and a fairly steady milliamperage of 25 m A Laue photographs exhibit- 
ing the Raman reflections are taken at the room temperature for the same time 
of exposure under identical experimental conditions Their relative intensities 
are measured microphotometrically making use of a density-log mtensity 
Curve and for the mode of development as that employed foT the other 
Ad f 





Fn 1 

Low-tenperature hi^-vaeuum 
X-ray camera 
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films obtained for the molybdenum radiations In the case of rock-salt, 
photographs were also taken for the temperature of solid carbon dioxide and 
the relative intensities obtained micropbotometrically were checked up by those 
got by an alternative method of varying the time of exposure till the intensities 
of the spots at the two temperatures are equal If and are the times of 
exposure at the two temperatures and Tg, the ratio of intensities 
where n is the Schwarzchild constant which is found experi- 
mentally to be nearly unity for the X-ray film and the radiations used Consi- 
dering the limitations of the experimental method, the possible error in the 
values will be as high as 10% The photographs with carborundum were also 
obtained at 600° T and 900° T using for the purpose an electrical heater of 
nichrome wire, and their intensities were compared with that obtained at the 
room temperature for the same setting of the crystal 

3 The Experimental Results and their Significance 

Figs 2 a-h in the accompanying Plate illustrate the Laue patterns obtained 
with carborundum, rock-salt, sodium nitrate and penta-erythritol It will 
be noticed that in every case the reflections persist at the liquid air temperature 
The corresponding Laue reflections exhibit an enhanced intensity which is the 
greater when the diminution of intensity of the Raman reflections is most 
marked This clearly indicates that the temperature dependence of the 
intensity of the Bragg or the Laue reflections can only be correctly explained 
when their relation to the Raman reflections from the same crystal planes 
IS taken into account 

In Fig 3, the intensities of the Raman reflections at the different tempera- 
tures as compared with that given at the liquid air temperature by the 



Temp u 0«(r«M Ab^U 
Fio. 3 

Intcniity of QuaBtum ReRcCioas as a Fuaetton of Tempentnte 
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theory taken as the standard, are plotted along side the theoretical curves 
of intensities obtained in accordance with the equation given earlier and 
with appropriate frequencies chosen for each case (see Table I) 

Table I 


Crystal 

T® 

90 

200 

300 

wm 

900 

kTxlO »» 

12 3 

27 4 

41 1 

82 2 

123 

1" 

II 

I II 

ij# 

hv* 

Iff 

12 9 

5 8 

3 9 

1 94 

1 3 

Intensity 
(Thco ) 

1 

1 006 



1 77 

Intensity 

(Exp) 

1 


1 1 

1 3 

1 82 

Rock-salt 
»•=!«) cm » 

hv* 

Iff 

2 58 

1 161 

774 

387 1 

258 

Intensity 

(Thco) 

1 163 

1 9 

2 72 

5 3 

7 9 

Intensity 

(Exp) 

1 163 

1 93 

2 43 



B7 

P 

1^ 

li 

kt 

1 65 

74 

5 

23 

165 

Intensity 

(Thco) 

1 073 

1 588 

2 209 

4 125 

6 128 

Intensity 

(Exp) 

1 073 


2 36 



|g 

11 

V 

6* 

S » 

Av* 

1 "IT 

i 65 

74 

s 

23 

165 

Intensity 

(Theo) 

1 48 

2 82 

4 08 

8 14 

12 1 

Intensity 

(Exp) 

1 48 


4 59 




Carborundum — ^The carborundum crystal used m the investigation is 
a clear plate of nearly 1 mm thick and the Laue photograph shows that it 
belongs to the hexagonal type The X-rays were incident nearly normal to the 
cleavage face. The Raman reflection appears m close proximity to the Laue 
reflection as a round spot which is fairly intense. The reflection shows only 
a small increase of intensity as the temperature is raised from 90° T to 900° T. 
This suggests that the infr^-red frequency active m the Raman rdlection of 
X-rays is relatively high. Accordmg to Schaefer and Thomas (1923), the 
hexagonal type of carborundum crystal shows only one strong sharp infra-red 
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reflection at 12 /li (830 cm ') which they assume as the fundamental frequency 
for SiC Accordingly, Curve 1 in Fig 3 is drawn assuming that the Raman 
frequency associated with the modified spot is nearly 800cin~^ It will be 
noticed that the experimental points all fall in the neighbourhood of this curve, 
indicating that the frequency change involved in the reflection is the same as 
the characteristic infra-red frequency 

Rock-salt — The Laue photographs of a thin plate of rock-salt are 
obtained for 90°, 194° and 300° T with X-rays nearly normal to the 100 plane 
A lowering of the temperature is accompanied by a change of intensity of the 
modified reflections which approximately fits in with a frequency of 160 cm 
for the active infra-red vibration as shown by Curve 3 in Fig 3 Rock-salt 
has only one rest-strahlen frequency at 52 fx (192 cm'*) and its Raman 
spectrum obtained by Fermi and Rasetti (1931) shows two fairly intense lines 
at 160 and 3 SO and at least two other weak diffuse maxima between 200 and 
300 cm In a separate paper, the vibrations of the sodium chloride lattice 
are analysed and the X-ray active mode of vibration is indicated The 
results of the present investigation show that the frequency of this vibration 
is in the neighourhood of 160 cm In addition to a diminution of intensity, 
a slight sharpening of the Raman reflections is also noticeable at the liquid 
air temperature This observation is ot great theoretical significance, but 
the exact extent of sharpening can be ascertained only by using a linear sht 
and the reflection method for photographing it 

Sodium nitrate —The Laue patterns reproduced in Figs 2 e and / show 
the strong Raman reflections from the 211 plane of a crystal of sodium nitrate 
very near the Bragg setting m addition to other weak reflections The relative 
intensities of this spot at 90° and 300° T plotted in Curve 2, Fig 3 show agree- 
ment with a vibrational frequency of nearly 200 cm ”* The Raman spectrum 
of sodium nitrate yields two intense lattice frequencies at 98 and 185 cm** 
(Nisi, 1932, Nedungadi, 1938) and thus the latter is to be taken as the active 
vibration in the modified reflection of X-rays by the 21 1 plane Raman and 
Nilakantan (1940) observed that if the temperature is raised to 280° C, the 
modified reflection -of X-rays from the 210 plane gams rapidly in intensity 
with a corresponding fall in intensity of the Laue reflections This observa- 
tion taken in conjunction with the results obtained here suggests that the 
active frequency for these two planes may be different. The temperature 
studies of intensity of the modified reflection from various crystal planes thus 
affords a method of detemining the mode of vibration which vanes the struc- 
ture amplitude of any plane to the maximum extent 

Penta-erythntol — ^This crystal is chosen as the representative of organic 
crystals of which the lattice is molecular and the units are held together by 
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weak van der Waals forces The intensity oi the modified reflection is con- 
siderably diminished at 90° T and is nearly one-third of that at 300° T, being 
thus nearly proportional to the absolute temperature In view of this marked 
diminution of intensity at the liquid air temperature, it is not surprising that 
Lonsdale, 1940 (see Preston, Nature, 1941) failed to observe the same m 
organic crystals especially as the pattern obtained by her at the lower tempera- 
ture IS masked by the intense halo of liquid air From the measurements of 
relative intensities made up to 90° T, it is not possible to obtain even the 
roughest estimate of the infra-red frequency in this case We could however, 
conclude that this frequency should be less than 100 cm as shown by Curve 
4 in Fig 3 The dotted curve by its side shows what the rate of fall would be 
if it were proportional to the absolute temperature This conclusion regarding 
the Raman-active lattice vibration in modified X-ray reflection by organic 
crystals is in agreement with the experimental observation in the Raman 
effect that a large variety of these crystals yield discrete lattice oscillations with 
a frequency range of 25-120 cm"’ (Venkateswaran, 1938) 

General Remarks . — ^The present investigation thus clearly demonstrates 
that the determination of the rate of change of intensity of the modified X-ray 
reflection with temperature provides a new method of obtaining the infra-red 
spectrum of crystals The frequency of vibration could be estimated fairly 
accurately by measurements made at the room temperature and at hquid air 
temperature if it falls m the region 250-500 cm ’ ’ For frequencies below 
250 cm temperatures lower than 90° T will have to be employed to obtain 
the same degree of accuracy The method promises to be particularly suitable 
for crystals for which the methods of light scattering and the infra-red absorp- 
tion or reflection are not applicable 

In conclusion the author wishes to express his heartfelt thanks to 
Sir C V Raman, f.r s , for his suggestions and keen interest in the work 

Summary 

The Raman reflections of X-rays by carborundum, rock-salt, sodium 
nitrate and penta-erythritol are obtained at liquid air temperature with a 
specially designed vacuum X-ray camera and their intensities are compared 
with those at room temperature For rock-salt an intermediate temperature of 
S 0 I 14 carbon dioxide and for carborundum two higher temperatures namely 
600° and 900° T have also been employed. From the relative intensities of 
these reflections at various temperatures, the infra-red frequency active m 
the particular reflection is ascertained in each case ma^ng use of the 
following formula 
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e/j»*/AT4. 1 

Intensity « These frequencies are about 800 cm for carbo- 

rundum, 160 cm for rock-salt, 200 cm for sodium nitrate and less than 
100 cm for penta-erythritol They coincide with one or other of the low 
frequencies observed in the Raman effect or m the infra-red spectrum of the 
respective crystal This new X-ray effect thus provides a novel method of 
evaluating the infra-red frequencies of crystals and is specially suitable for 
substances for which the methods of light scattering and infra-red spectro- 
scopy are inapplicable. 
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1 Introduction 

During the past year numerous papers have appeared concerning the origin 
of the difTuse spots and streaks observed by Wa^und* (1938) in well-exposed 
Laue photographs of rock-salt crystal On the basis of their original ob- 
servations on the sharply defined monochromatic X-ray reflections shown 
by the (111) planes of diamond over a wide range of the crystal settings, 
Raman and Nilakantan^ (1940) put forward the view that the diffuse spots 
observed in rocksalt have also a similar origin, namely that they are due 
to a reflection of the X-rays with a change of frequency arising from the 
quantum mechanical excitation of the infra-red vibrations of the crystal 
lattice About the same time Zachanasen* (1940) put forward the view that 
the Faxen*-WaUer* (1923) theory of temperature-scattenng of X-rays by 
crystals explains the phenomenon This point of view has been supported 
by Preston,* Lonsdale* and Born* 

In a paper in the course of publication in this issue. Sir C. V. Raman* 
has theoretically examined the effect of the atomic vibrations m a crystal 
on the X-rays traversmg it, starting from certain classical considerations 
originally put forward by Laue^*, and has arrived at the following general 
conclusions (1) The infra-red or high-frequency vibrations of a crystal 
lattice are quantum-mechamcally excited by the incident X-ray photons, 
88 the result of the periodic variation of the structure amphtude of parti- 
cular crystal planes resulting from such vibrations, the incident mono- 
chromatic X-rays are reflected by the crystal planes with a change of 
frequency. These dynamic or quantum reflections are quite distmct from the 
static or unmodified reflections, except that at the Bragg setting of the crystal 
they coincide with the latter m direction The directimi in which the 
dynamic reflection appears at other settings of the crystal is determined by 
the inclination of the phase waves to the crystal planes. (2) The elastic 
or low-frequency vibrations of the crystal give rise to dilBise of 

scattering of the kind postulated in the Faxen-Waller-Zadiariasqi flieory. 
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At the Bragg settings of the crystal, the maxima are sharpest, then 
coinciding with the regular reflections by the lattice planes But they 
fall off rapidly in intensity and become much more diffuse when the 
glancing angle is altered in either direction The formula indicate that the 
direction in which the hump of scattering intensity is to be expected alters 
with the crystal setting roughly — but by no means exactly — in the same way 
as the quantum reflection by the same lattice planes (3) In addition to 
this, there is a general scattering of X-rays of the Bnllouin type forming 
a diffuse cone round the primary beam, their change of frequency being 
dependent on the angle of scattering The second and the third effects due 
to the elastic waves m the crystal come under what may be called the 
quantum scattering of X-rays The relative intensity of the quantum scatter- 
ing to the quantum reflection would depend upon various factors, including 
especially the structure of the crystal, and the temperature of observation 

The present investigation was undertaken with the object of examimng 
the origin of the diffuse spots observed with rock-salt by some simple 
experimental tests capable of deciding between the alternative theories which 
have been proposed 

2 Influence of the Volume of the Irradiated Crystal 

It IS well known that as a result of the primary and secondary extinc- 
tions, the number of layers of a crystal effectively taking part in the Laue or 
Bragg reflections is limited to an extent depending upon the degree of its 
crystallographic perfection The increase of the thickness of the crystal 
beyond such limit results only in the loss of the intensity of reflection due 
to the absorption by the medium traversed. From the preliminary considera- 
tions set forth above it will be evident that a sunilar situation should also 
exist in respect of the quantum or Raman reflections of the X-rays In other 
words, the ratio of the intensity of a Raman spot in a Laue pattern to that 
of any of the Laue spots due to approximately the same X-ray wave length 
should remain the same irrespective of the thickness of the crystal plate 
used or the narrowness of the incident beam, other things remaining the 
same The size of the spots due to the quantum reflections should also 
increase with the area and the thickness of the crystal traversed by X-rays 
and With the divergence of the incident beam m much the same manner as 
for the Laue spots 

The situation is, however, very different for the quantum scattering of 
X-rays of either of the kinds described above The ** extinctions ” restrict- 
ing the number of layers in the case of a reflection do not enter mto con- 
sideration and therefore, the intensity of the quantum scattering should be 
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proportional to the volume of the crystal irradiated except for the diminution 
due to absorption which arises also for the Laue or the Raman reflections. 
Thus, by taking a senes of Laue photographs with difierent thickness of 
crystal and with varying widths of the X-ray beam traversing it, we should 
be in a position to decide whether we are deahng with a true reflection or 
a simple scattering by the crystal planes 

3 Experimental Results 

Figs 1, 2 and 3 in the accompanying Plate illustrate the Laue patterns 
obtained with molybdeneum radiations incident normally to the 100 planes 
of rock salt of thickness 0 S mm and 0’2S mm respectively cleaved from 
the same block of a natural crystal The diameter of the pin-hole used for 
the front lead slit was 1 32 mm for Figs 1 and 3 and 0*4 mm for 
Fig 2, which gave for the area of the crystal illumined S 1 and 0 86 sq 
mm respectively Since the intensity of the mcident X-rays is diminished 
by the reduction of the size of the pin-hole, the tune of exposure is suitably 
increased for the fine pin-hole in order to record the patterns with not too 
widely differing intensities In companng Figs 1 and 2, it should be noted 
that the thickness of the crystal and the width of the incident beam are both 
different, the volume of the crystal irradiated bemg in the ratio 12* 1 as 
between the two cases The ratio of the intenstiy of the transmitted beam 
to that of the incident beam, I/Io, for five wave-lengths is tabulated below 
from the known absorption data for rock-salt 


Thickness of 
Crystal 

AmAU 

417 

•497 

631 

710 

88 

25 nun 

Itflo 

•915 

•865 

•75 

665 

49 

50 nun 

w 

84 

748 

559 

45 

32 



1 09 

1 09 

1 32 

1 48 

1-53 


It will be seen from the table that the effect of absorption is small up to 
O'S A The effect of the absorption for the softer X-rays as between the 
crystals of different thickness can be made out from the patterns reproduced 
in Figs 1 and 2 At the same time, it is clear that the relative intensity 
of the Laue spots and the diffuse maxima m the two photographs is practi- 
cally unalter^ in spite of the fact that the volume of the crystal irradiated 
for Fig 2 18 only one-twelfth of that for Fig 1 Figs. 2 and 3 are re- 
productions of the Laue patterns obtamed with identically the same crystal 
and the same setting, only the size of die pin-hole and the exposure time 
being varied Although the Laue pattern in Fig. 3 is more mtense than m 
Fig. 2, a microphotometrie comparison of the mteosity of the diffuse spot 
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due to the Mo'K. rays with that of the weak Laue spots in the neighbour- 
hood shows only an increase of intensity of the order of about 10% for 
Fig 3 in spite of the irradiated volume on the crystal being increased nearly 
six-fold It may also be noticed on comparing Fig 2 with either Fig I 
or 3 that the increased diameter of the pin-hole and the divergence of the 
incident beam produce very similar effects on the lateral extension of the 
Laue spots and the diffuse maxima ” These experimental facts con- 
clusively prove that the intensity of the extra spots or streaks observed 
with rock-salt are in the main not proportional to the irradiated volume but 
are determined by considerations of the same kind as the intensity of the 
Laue or Bragg reflections If there is any true volume scattering, it is less 
than one-tenth of the observed effects in its intensity 


4 The Intensity anti Sharpness of the Dynamic Reflections 


In the theoretical paper by Raman already referred to, it has been 
shown that the intensity I of the scattering at an angle 2^ due to the 
elastic vibrations of the crystal is given by 


1 


sin^ _ f j , sin^Sg __ 2 singp 
sin^€~( sm'*^ sin^ 


cos e 



where 9, is the angle of incidence, 6^ the Bragg an^e, 9 the inclination of 
the clastic wave-fronts to the crystal plane and Smee 


cos 1 - 2 sin® €/2- 1 - 2 (e/2)* , 


I ec 


. sin^ 

iV, sin 0/ ^ sin i/i 


(.)•} 


»i-i 


(I) 


This corresponds to the factor 

cos* ((?B — 0) [1 + 2 cos* ^]/( A sin 2 P®)* 

in Zachariasen’s modified formula^* (1941) and tends to make the intensity 
infinity for small values of e (or A *) As will be seen by the curves given 
later in Fig 4, it also gives an asymmetrical distribution of the intensity 
and a shift of the maximum towards the Laue spot as m the case of the 
latter But it has the added advantage that it remains vakd for values of 
c up to 20° 


In order to find whether the “ diffuse maximum ” in rock-salt falls off in 
intensity in the manner indicated by the above expression, the intensity distn- 
bution of the diffuse spots due to the 1st, 2nd and 3rd order reflections of 
the (200) plane of rock-salt have been determined imcrophotometncally from 


• ^ -a, -tfa. 



intensity 
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the same Laue photograph A very narrow beam of X-rays emerging from a 
pin-hole of diameter of 0 4 mm and having a divergence of 30' is let fall 
on the 100 planes of a rock-salt crystal, 0 42 mm thick, at a glancing angle 
of 19® 49' For this setting of the crystal, the maxima due to the first three 
orders are recorded with comparable intensities The time of exposure is 
so chosen that the “ maxima ” are recorded with just sufficient intensity to 
give deflections in the microphotometer yielding a value between 0 3 and 0 6 
for the log-intensities 'The density-log. intensity curve for molybdenum 
radiations experimentally obtained was observed to be a straight bne m 
this region and covers a range of intensity of about 1 20 Accuracy of 
measurement was thus ensured 

The graphs a, b and c in Fig 4 are drawn with 2 ^ for the abscisss and 
the intensities as ordinates for the three orders Curve 1 gives the intensity 



Fig 4 (a) 200 Reflections Fro 4 (6) 400 Reflections Fio 4 (c) 600 Reflections 

from Rock-salt from Rock-salt from Rock-salt 

distribution due to molybdenum obtained by making use of formula 1 
and reduced to 40% corresponding to its relative mtensity to K« , curve 2 is 
that due to K«, and curve 3 gives the sum of the two intensities The 
formula takes into account the increased scattering in the higher orders 
of reflection In plotting the intensities of 1st, 2nd and 3rd orders to the 
same scale, the calculated values were reduced in the ratio 100 19 4 87 
respectively Thus, the curves 3 in Fig A a, b and c mdicate the relative 
magnitudes of the intensities of the three orders and the nature of their 
distribution to be expected if formula I holds Curves 4 give the observed 
form of distribution, the peak intensity of the 3rd order bemg made equal 
to its theoretical maximum From a study of the curves the following 
conclusions may be drawn 

The half-widths obtained from the theoretical curves 3 for the 1st, 2nd 
and 3rd orders and measured in a direction opposite to the central spot are 



400 


U. S. Venkateswaran 


3^*24', 2° *42' and 1‘’'40' The corresponding values obtained fbiK,i only 
from the simplified formula of Zachariasen’ (yiz.. Asm 2 0^ toe 2°S4'> 
2° *33' and 1° 40' respectively On the other hand, the experimental data 
obtained from curves 4 in Fig 4 are I” SO' for the 1st, 1° for the 2nd and 
35' for the 3rd order It must be remarked that the finite divergence of 
the incident beam only tends to make the experimental values somewhat 
higher For regions in the close neighbourhood of the Bragg setting 
(A~ d:60'), the theoretical half-widths calculated from the simplified 
formula are more than 70% higher than the experimental values furnished by 
the careful experiments of Zachariasen and SiegeF* (1940) The modified 
formula recently given by Zachariasen^^ (1941) also gives a higher value 
for the half-width * Thus we may conclude that the Raman reflec- 
tions in rock-salt are much sharper than is indicated by the formula 

sin*/ e 

Secondly, it may be seen from the curves 3 in Fig 4 that if the peak intensity 
of the 3rd order is taken as unity, that of the 1st and 2nd orders should 
be 0-9 and 0 8S respectively On the contrary, the observed peak intensity 
of the 1st order is 2*9 times and that of the second order 3 7 times these 
theoretical values, showing thereby that the fall of intensity of the spot with 
increasing values of < is much less rapid than is represented by the above 
formula. These experimental facts clearly demonstrate that neither as 
regards the variation of half-width of the spot nor of its intensity with 
crystal orientation, do the so-called “ diffuse maxima ’’ in the Laue pattern 
of rock-salt obey the laws appropriate to the scattenng of X-rays by the 
elastic vibrations of the thermal origin in the crystal 

In conclusion the author expresses his sincere gratitude to Sir C. V. 
Raman, Kt., f r.s , n.l , for his stimulatmg interest in the work 

S. Summary 

The ‘ diffuse maxima * in the Laue patterns of rock-salt are obtained 
for two different crystal thickness and two different sizes of the pin-holes in 
the lead slit, the ratio of the volumes of the crystal irradiated by X-rays in 
the two cases being nearly 1 . 6 and 1 . 12 A comparison of their intensity 
with the weak Laue spots in the same pattern does not show any appreciable 
change due to the increase of the volume of the crystal. It is also noticed 
that the increase of the diameter of the pm-hole and the divergence of the 
X-ray beam has the same effect on the shape and dimensions of the Laue 


* Tbs hilf-widtlu sivn by curvw 1 ud n ta Fif. 4 in Um paper by ZediwiuiB (1941) sue 
fat a pindiCle sad give theiifeie only tbe lower limit fbr dw Uneer ilit tued by Ferhsiiiwn 
end Sisiri. 
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spots and of the diffuse maxima A mtCTophotometric study of the intensiQr 
distribution of the 1st, 2nd and 3rd order spots due to the (200) planes of 
rock'salt reveals that they are much sharper and that the fall of intensity 
for increased angles of reflection is much less rapid than is to be expected if 
they were due to the scattering of X-rays by the thermally excited elastic 
waves in the crystal It is therefore concluded that these diffuse maxima m 
rock-salt are due mainly to the quantum or Raman reflections of the X-rays 
due to the excitation by the X-ray quanta of the monochromatic or infra- 
red vibrations of the crystal lattice 
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/ Introduction 

One or the most remarkable and significant facts in crystal physics brought 
to light by recent investigations is the appearance of monochromatic vibrations 
of very low frequency as a very general feature in the lattice spectra of crystal- 
line solids The Raman spectra of practically all crystals, both of the inor- 
ganic and the organic class, and of the most varied type, e g , elements, ionic 
and molecular lattices, exhibit lines with low frequency shifts These lines 
(of which there may be several) appear with the solid, often with notable 
intensity and sharpness, but disappear or else are replaced by a continuous 
spectrum when the substance melts or passes into solution The literature 
of the subject has been reviewed by the author^ in a paper in the Raman 
Jubilee Volume (1938) where studies of the phenomenon in several organic 
crystals are also described The origin of these low frequency lines is now 
well understood to be due to the oscillations of the atoms, ions, or molecules 
in the lattice with respect to one another, such oscillation being either 
hindered translations or hindered rotations according to circumstances 
Such vibrations being of low frequency, they are strongly excited by thermal 
agitation and appear with both diminished and increased frequency in the 
spectra Simple considerations indicate that a large proportion of the thermal 
energy of the solid, especially in organic crystals where there are several mole- 
cules in the unit cell, must be taken up by such low frequency monochromatic 
vibrations It is also evident that such vibrations would powerfully influence 
the structure amplitudes of the lattice planes and hence must play a notable 
part in determining the effects resulting from the passage of X-rays through 
the crystal 

Considering the experimental facts stated above and also the theoretical 
ideas developed by Sir C V Raman in a paper appearing earher m these 
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Proceedings, it follows that the passage of X-rays through an organic crystal 
should result in the excitation of the specific modes of vibration having these 
low frequencies and hence also in a dynamic reflection of the X-rays by the 
lattice planes whose stiucture amplitudes are varied by such vibrations 
Further, the character of these reflections, vi: , their intensity, geometric 
direction, sharpness and their temperature variations should exhibit the 
closest correlation with the geometry, frequency and amplitude ol these modes 
of vibration As the frequencies ol these modes are usually low (30 to 
100 cm in spectroscopic units), their intensity should show a strong tempe- 
rature dependence, diminishing rapidly with a fall of temperature, but 
reaching a limiting value at the lowest temperatures A study of the typical 
case of pentaerithrytol from this point of view has already appeared in an 
earlier paper by the present writer in these Pioceedtngi In order to illustrate 
other aspects of the subject, a detailed study has been made of three cases, 
VIZ,, naphthalene, benzophenone and urotropin m which we have a detailed 
knowledge both of the crystal structure and also of the low frequency infra- 
red vibrations from the studies of their Raman spectra 



Fio. 7. Cryital Modd of Ni^hthalene 
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2 Crystal Structure and Lattice Spectrum of Naphthalene 

Naphthalene CioH, belongs to the tnonoclinic prismatic class in the space 
group Qt The unit cell has the dimensions 0=8 29, h— 5 95 and c— 
8 68 A and Lj 3 - 122 ® 42' (Bragg,® 1921, Banerji,® 1930, and Robertson,® 
1933) and contains 2 molecules of CjoH, The molecule consists of two fused 
benzene rings lying in a plane The orientation of the molecules in the crystal 
is illustrated in Fig 7* taken from a paper recently published by Nedungadi 
The long axis of the molecule makes angles of 4— 115° 3, ^ = 102 ® *6 and 
tt>=r28° 7 and the short axis^'-- 71° 2, 0'= 28° * 8 , a»'=69°'l respectively 
With a, b and c' axes (o' is perpendicular to a and b) of the crystal The orien- 
tation of the second molecule in the centre of unit cell is given by the glide 
plane reflection of the corner molecule in the 010 plane, the glide plane being 
parallel to the 'a' axis The above crystal structure of naphthalane is in 
agreement with the magnetic and optical anisotropies observed in the crystal 

The molecule of naphthalene belongs to the symmetry class D** 
(Kohlrausch,* 1935 , Boiiino,® 1936 ; Saxena,’ 1938) and has 48 normal modes 
of internal vibration, 24 ot which are active in the Raman effect and 20 in the 
infra-red In the crystal these internal vibrations of the two molecules in the 
unit cell presumably remain the same, as is shown by the identity of the Raman 
spectrum of the substance in the liquid and in the crystalline state (Nedungadi,® 
1941) The total of twelve degrees of rotational and translational freedom of 
the two molecules together, give rise to the lattice oscillations and the Debye 
elastic waves in the crystal, nine of them being assigned to the former and 
three to the latter Thus it is clear that the elastic vibrations would contribute 
only a relatively small part of the thermal energy of the crystal at the room 
temperature Since the crystal possesses a low order of symmetry, the mne 
lattice oscillations are most probably all non-degenerate In the Raman 
spectrum of naphthalene crystal, four lines have been observed (Gross and 
Vuks,® 1935, 1936 ; Venkateswaran,® 1938 ; and Nedungadi,* 1941) which 
have to be definitely attributed to the lattice vibrations Fig. 8 in the 
accompanying Plate reproduces the spectrum of a single crystal of naphtha- 
lene photographed by Nedungadi As the frequencies are low, they are 
thermally excited at the room temperature as is shown by the almost equal 
intensities for the Stokes and anti-Stokes Raman Imes in the spectrum 

3 Dynamic X’Ray Reflections in Naphthalene 

The X-ray analogue of the Raman effect in naphthalene was studied by 
Bhagavantam and Bhimasenachar®* (1941) They observed the dynamic 

* In Fig. 7, a, /3 and y RIO the axes of the optical polatiMbihQr elltpmd 
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X-ray reflections by 001, 002 and 20T planes of naphthalene, but these were 
recorded only when the crystal orientations were nearly the same as those 
required for the static reflections For other orientations and other planes they 
were unable to observe the spots presumably because the source of X-rays 
used by them was not sufficiently strong The more powerful equipment 
available at this Institute has made a thorough investigation possible 
A thin plate of naphthalene crystal, prepared from a solution of a mixture 
of alcohol and water, is mounted on a goniometer with the 001 (cleavage) 
plane lying in a vertical plane The source of X-rays was a demountable 
self-rectifying filament X-ray tube with copper anti-cathode and run at 25 mA 
and 45 kilo-volts As the crystal sublimes rapidly, a series of twelve Laue 
photographs were taken in succession with an exposure time of half an hour 
in each case. Figs 1 and 2 in the accompanying Plate are the patterns obtamed 
with the incident beam making a glancing angle of 6“ 45' and IT 42' with 
the 001 plane, being thus very near the Bragg angles for the first order (6® 5') 
and for the second order (12® 7') reflections from that plane for the copper K, 
radiations It may be noticed that the static reflections are recorded with 
great intensity in both the photographs But there is only a faint indication 
of the dynamic reflection of the first order in either case In Fig 1, the 
second order dynamic reflection is recorded weakly as a diffuse spot in the 
same line as the central spot and the 001 Laue spot At the same time the 
weak Laue spot in a direction making an angle of nearly 120° with the 001 
Bragg reflection, is accompanied by a strong dynamic reflection In Fig 2, 
the latter is very close to the Laue spot showing that the crystal is very near 
the Bragg setting for the corresponding crystal plane From the distance 
of this spot from the centre and the intensity of the Bragg reflection and the 
setting of the crystal, the plane is identified as OTl plane Figs 3-6 are taken 
with the crystal rotated both about the vertical and horizontal axes It may 
be observed that several crystal planes give rise to Raman reflections For 
the normal incidence on the 001 plane of naphthalene, the X-rays are making 
a glancing angle of 4° 15' with the 20T plane, which vanes only slightly as 
the crystal is rotated about a vertical axis Thus in Figs 3 and 4, for which 
the 001 plane lies in a vertical plane, the angles of incidence of the Laue spot 
due to 20T plane, which may be observed vertically above the central spot, 
are 4® 59' and 4° • 44' The crystal planes corresponding to the other dynamic 
reflections could be identified from their position on the plate, the angle they 
make with 20T reflection and with each other and the known orientation of 
the crystal. 



406 


C. S. Venkateswaran 


Table I gives the indices of these planes, the glancing angles* of incidence 
0, and the angle of reflection (0,4-^), the spacing d calculated from the 

relation, 2d sin ^ = «A for the Raman reflection, the estimated intensity 
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of the latter and the intensities of the correspondmg static reflections given 
by Sir William Bragg (1921) and Robertson (1933). It is clear from the data 
given in the above table that the intensity of the dynamic reflections from the 


* The |)lat8 diatanee for Figs laadSisSlcm. aadfor Flgi 3-6 is 5 7ca>. 
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crystal planes is by no means proportional to the intensity of the correspond- 
ing Bragg reflection The most intense modified spot is given by the Ofl 
plane which has a low structure factor The planes 1 10, 20T, 21T and 200 
which have the highest structure factors also give rise to modified spots with 
medium intensity On the other hand, in spite of the fact that the 001 plane, 
according to Sir Wilham Bragg, gives the strongest reflection and has a large 
structure factor, the first and second order dynamic reflections by it appear 
only extremely weakly The experimental results thus clearly demonstrate 
that the intensity of the dynamic reflections are determined by considera- 
tions very different from those controlling the intensity of the static reflec- 
tions by the same planes 

4 Significance of the Experimental Results 

The basic idea in the quantum theory of X-ray reflection in crystals is 
that the frequency of the incident radiation is modulated by the monochro- 
matic infra-red vibrations of the crystal In an earlier paper appearing in this 
issue It has been shown that the frequencies lying in the region of 30-100 cm 
are alone eflFcctive in the modified X-ray reflections by organic crystals 
Therefore for the purpose of the present discussion, we may ignore the 
internal vibrations of the naphthalene molecule Since the plane of the mole- 
cules in the crystal is nearly normal to the 001 plane, five rotations and two 
translations out of the nine possible lattice vibrations involve movements 
parallel to the 001 plane Therefore, these vibrations do not affect the struc- 
ture amphtude of the latter As the displacements of the molecules due to 
the remaining two lattice vibrations normal to 001 planes are also relatively 
small, the dynamic reflections of the X-rays from this plane resulting from those 
lattice vibrations should be expected to be relatively weak The opposite 
situation prevails for the planes on, 110, 202 and 211 The plane of the 
molecule is nearly parallel to them and all the lattice vibrations make their 
maximum contribution to the variation of the structure amplitude Thus, 
even when the static structure factor is low as for 011, the Raman reflection 
will be very strong, The crystal planes 200, 20r, 120 and 111 lie between these 
two extremes with respect to the lattice vibrations and the dynamic reflections 
from them will, therefore, be of medium intensity as compared with the 
corresponding Bragg reflection The experimental facts observed in the 
present investigation are in good agreement with these conclusions 

The observations include a wide range of crystal planes making angles 
between 55“ and 125“ with the cleavage plane. It is obvious that the almost 
total disappearance of the reflection from the 001 plane which gives one of 
the strongest Bragg reflections and the great intensity of the reflection from 
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the OTl plane which has a very low structure factor cannot be accounted for 
on the basis of the Fax£n-Wa11er theory (Zachanasen, 1940) that the 
observed spots are the maxima due to the diffuse scattermg of X-rays by the 
elastic waves in the crystal 

In conclusion I express my sincere gratitude to Sir C V Raman, F R s , 
N L , for his suggestions and interest in the work 

5 Summary 

The Raman X-ray reflections from 001, Oil, 110, lit, 20T, 200, 202, 120, 
2rr, 222 and 222 planes of a naphthalene crystal are obtained It is observed 
that the first and second orders of the dynamic reflections from 001 (cleavage) 
plane are extremely weak, in spite of the fact that its static structure factor 
IS high On the other hand, these reflections from Oil plane which has a very 
low Structure factor, are very strong The 110, 20T, 21 T and 200 planes which 
give the strongest Bragg reflections also yield the Raman spots with medium 
intensity These experimental facts are readily explained m relation to the 
known crystal structure and the lattice vibrations of naphthalene, if we assume 
the basic idea in the quantum theory of X-ray reflection in crystals put forward 
by Raman and Nilakantan that the frequency of the incident radiation is 
modulated by the monochromatic infra-red vibrations of the crystal lattice 
A study of the relative intensities of the dynamic reflections from the different 
crystal planes clearly demonstrates that the character of these reflections is 
determined by the geometry and amplitude of the lattice vibrations. 
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THE RAMAN X-RAY REFLECTIONS IN ORGANIC 
CRYSTALS: II. BENZOPHENONE 


By Dr. C. S Venkateswaran 
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Received October 12, 1941 

(Communicated by Sir C V Ramaoi Kt, ms, nl) 

/ Introduction 

In the first paper of this series, it was shown that the dynanuc or Raman 
X-ray reflections from the 001 plane of naphthalene almost completely 
disappear as a necessary consequence of the fact that the plane of oscillating 
molecules m the lattice is nearly normal to this crystal plane. An exactly 
opposite effect is noticed in benzophenone crystal in which the intensity 
of the dynamic reflection is abnormally high for the 001 plane As in the 
case of naphthalene, the intensity of such reflections as compared with the 
static ones, is also observed to depend on the orientations of the crystal 
and the molecular planes in the lattice 

2 Crystal Structure and Lattice Spectrum oj Benzophenone 
O 

Benzophenone, (! belongs to the ortho-rhombic 



bisphenoidal class (Groth^), having a space group D|* P2, 2i 2i (Baneiji and 
Haque*, 1938) The dimensions bf the unit cell are a-- 10-3, 12*11 

and cn 8 04 A.U. There are four molecules in the unit cell. The X-ray 
analysis of the crystal structure is incomplete, but Banci]i and Haque* 
have observed that most of the important crystal planes yield very strtmg 
Bragg reflections, the absent reflections bemg from hoo, oko and pol who'e 
h, k and / are odd Krishnan, Ouha and Baneiji* (1933) have given the 
magnetic susceptibihties along the a, b and c axes as — 88x 10*-*, 
- 88*6 X 10”* and — 149*3 x 10** emu. Hie refractive indices 
along the three directions y, and a (parallel to the crystal axes a, b and c 

respeetivdy) are y» 1 *67, 1 *65 and a«> 1 *52 (Nedungadi*, 1941). It 

has been concluded from the above data of magnetic and optical anisotropies 
that the two benzene rings linked through the carbonyl group C»0 are 
Inclined to each other at an angle of 22'*'35', the plane bisecting the two 
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benzene rings being normal to the ‘ c ’ axis The line of intersection of 
the two benzene planes is inclined to the ‘ a ’ and ‘ b ' axes, the angle made 
with the axis being 22° *35' Thus the biplanes of the molecule are 
nearly parallel to the 001 plane of the crystal, which is just the opposite of 
the condition prevailing in naphthalene 

The benzophenone molecule (CeHgls CO has sixty^three possible internal 
vibrations Twenty-seven of these have been observed in the Raman 
spectrum of the melt, of which twelve are depolarised (Nedungadi, 1941) 
In the crystal, in addition to these intra-molecular vibrations for each of 
the four molecules in the unit cell, which do not show any significant 
changes from the liquid, there are twenty-four degrees of rotational and 
translational freedom for the molecules, of which twenty'-one contribute to 
lattice vibrations and three only to the Debye elastic spectrum In the 
Raman spectrum of the crystal, it has been observed that the intense “ wing ” 
of the liquid on cither side of the Rayleigh line is replaced by three discrete 
lines* at 67, 102 and 122 cm“^ (Venkateswaran, 1938, Gupta, 1938; and 
Nedungadi, 1941) It has been shown by the present author that the line 
at 1 22 has to be assigned to the deformational oscillation of the two benzene 
rings against each other and the other two to the lattice vibrations 
Nedungadi (1941) has studied the variations of intensity of the Kaman lutes 
in a single crystal of benzophenone with different crystal orientations and 
concluded that his observations are m good agreement with the above 
conclusions regarding the orientation of molecules in the unit lattice 

3 The Dynamic Reflection of X-rays by Benzophenone 

X-rays from a copper target arc employed A small crystal of 
benzo-phenonc measuring approximately 2 mm x 2 mm x 1 mm is mounted 
with the 110 plane lying in a vertical plane Three sets of Laue patterns 
are obtained, the first set with X-rays nearly grazing the 110 plane, the 
crystal being rotated about a vertical axis; the second set with X-rays 
incident nearly normally on the 1 10 plane, the crystal being rotated about 
a vertical axis and the third set of pictures being taken in the same way 
as the second set but with the crystal rotated about a horizontal axis. 
Figs. 2 and 3 in the accompanying Plate are the Laue patterns obtained 
for the first set with X-rays making glancmg angles of 4° 19' and 8° 24' 
respectively with the 110 plane Figs 4 and S are the patterns for the 
second set, the X-rays making glancing angles of nearly 8° and 2° with 
iTv) plane Figs 6 to 9 are the photographs obtamed for the third set. 


* See Fig 1 in the accompanying Platt 
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Table I 


No 

Ref 

to 

Fig 

Indices 

of 

Plane 

2(J, 

0/ -i ^ 
for Ka 

Lattice Spacing 

in A U 


Intensity 

(Dynamic] 

Intensity 

(Static) 

) (Banerji) 

j Fxp 

Theo 

1 

6 

002 

12*^ 10' 

21“ 12' 

4 18 

4 02 

0° 

V V str 

V str 


7 

t* 


22“ 4' 

4 02 

ia 

aa 

aa 



8 

vv 

Kb 3 

2t' 12' 

4 18 

ai 

aa 

aa 

at 

2 

2 

012 

24“ 59' 

22° 29' 

3 94 

3 82 

+ 166° 

med 



6 


21' 12' 

23° 13' 

3 82 


+ 162° 

str 



5 

012 

20' 20 

22° 29' 

3 94 

aa 

- 15“ 

*a 


3 

1 

102 

19° 28' 

22° 29' 

3 94 

3 75 

--159 

med 



4 

•a 

21° 12' 

22^ 54' 

3 87 

ai 

-160° 

aa 


4 

4 

121 

24° 9' 

20“ 47' 

4 26 

4 38 

- 160° 

med 


5 

1 

022 

3r 28' 

27^ 18' 

3 26 

3 35 

i 34 

med 



4 

i» 

28’ 22' 

26^ 59' 

3 3 

aa 

aa 

** 



1 

022 

22° 54' ! 

76 58' 


• f 

+ 144“ 

str 



2 


2''° 21' 

26*^ 34' 

3 35 


+ 146° 

aa 



4 

t« 

20° 47' 

26° 58' 

3 3 

aa 

aa 

a 


6 

1 

202 

22° V 

^ 23' 19' 

3 4 

3 2 

- 38° 

Str 

vstr 


3 


19° 28' 

26 59' 

3 3 

aa 

aa 

aa 

aa 


7 

te 

22° 4' 

27° 44' 

3 21 

aa 

- 36° 

med 

aa 

7 

4 

122 

24° 9' 

28° 8' 

3 2 

3 19 

-4r 

w 


8 

3 

111 

18° r 

15° 53' 

5 56 

5 62 

45° 

w 

vstr 


5 


19° 28' 

15° 25' 

5 73 

aa 

aa 

med 

aa 


u 

111 

aa 

aa 

•a 

aa 

135° 

aa 

aa 

9 

6 

132 

29° 38' 

32° 11' 

2 76 

2 75 

- 48° 

med 



7 

•• 

34° 15' 

32° 53' 

2 72 

aa 

- 47° 

aa 


10 

6 

; 021 

9° 47' 

14° 57' 

5 91 

5 86 

fl30° 

med 


11 

2 

201 

17° 42' 

20° 47' 

4 3 

4 34 

60° 

med 


3 


22° 4' 

19° 54' 

4 45 

a« 

- 58° 

aa 



6 

ae 

13° 53' 

19° 34' 

aa 

aa 

- 69° 

aa 


12 

5 

131 

24° 58' 

26° 10' 

3 4 

3 41 

- 65° 

V W 


13 

1 

no 

8° 38' 

ir 13' 

7 87 

7 85 

90° 

med 

vstr 

14 

2 

210 

16° 48' 

18° 9 

4 87 

4 74 

90° 

w 



3 

2Ib 

16° 47' 

aa 

a* 

ai 

aa 

aa 


15 

5 


28° 8' 

22" 4' 

4 017 

3 93 

90° 

V W 

vstr 

6 

aa 

26° 34' 

22' 29'. 

3 94 

aa 

aa 

aa 

■a 

16 

5 

130 

27° 44' 

23* *44 

3 74 

3 76 

- 90° 

V w 

vstr 

17 

5 

UO 

28° 8' 

30' 45' 

2 89 

2 9 

90° 

V w 

vstr 


* + ugo OMans cloekwike and — anti«cIockwtse 

jVbM— vvitr -vary very itrong. vitr-vaiy sUong. utr.-ftrong. mad - medtum, w^.. 
waak, V w very weak 
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the glancing angles made with 001 plane being nearly 0°, 6°, 10° and 15° 
respectively The prominent streak appearing in all the patterns is due 
to the 001 plane and serves as a guide for the identification of different crystal 
planes giving rise to Raman reflections In Table I the visual estimates of 
intensities of the dynamic and static reflections are given along with the 
indices of the corresponding planes, the angle they make with the 001 plane 
at the Bragg setting, and their lattice spacings obtained from the position 

of the Raman spot by making use of the formula = A, 

and the spacing calculated from a knowledge of the crystal structure Only 
the Raman spots seen in the neighbourhood of the Bragg setting are 
included in the table, though many ot them are present in the other 
photographs as well 

The outstanding result of the present investigation is the enormous 
intensity of the dynamic reflections from the 002 plane of the crystal The 
intensity of the Bragg reflection from this plane is only as much as that of 
several other crystal planes , but on a rough estimate its dynamic reflection 
IS at least ten times more intense than the most prominent spot from any 
other plane The data given in Table 1 and the photographs reproduced 
in Figs 2 to 9 further show that the following planes making 
an angle between 0—40° on either side ot 001 and OOT planes also yield 
Raman spots with fair intensity 01?, 107, 12T, 022, 027 and 202. On the 
other hand, the Raman reflections from the planes making an angle of 
nearly 90° with it, namely 110, 270, 210, 7T0, 130, 170 and 131, are 
comparatively weak Banerji and Haque have given estimates of intensities 
of the Bragg reflections for only a few of the planes given in the above 
table A comparison of the relative intensities of the static and dynamic 
reflections for these planes, however, reveals that there is no direct 
relationship between the intensities of both cases 

4 Significance of Experimental Results 

From the above observations of the intensities of the Raman reflections 
from several crystal planes of benzophenone, it is clear that the intensity 
IS a maximum when the plane is nearly parallel to the plane of the molecule 
and a minimum when it is nearly perpendicular to it The results are thus 
analogous to those obtained for naphthalene in the earlier paper and are 
readily explained on the same basis as the latter Since the unit cell of 
benzophenone contains four molecules, there are twenty>one possible modes 
of lattice oscillations ; but as the exact position and onentation of the 
molecules in the lattice are not known, it is not possible to analyse these 
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vibrations and ascertain the degeneracies involved However, it is obvious 
from the known disposition of the molecules in the lattice that most of 
the lattice vibrations will contribute components normal to the 001 plane, 
thus causing a large variation of the structure amplitude of the plane On 
the other hand the motions of the molecules during these vibrations being 
nearly parallel to the family of planes situated normal to 001 plane, their 
contribution to the dynamic structure factor of these 'planes will be a 
minimum The results of the present investigation are thus in good accord 
with the proposed crystal structure of benzophenonc 

As only three out of twenty-four degrees of rotational and translational 
freedom of the molecule in the unit lattice contnbute to the Debye spectrum, 
the fraction of the total thermal energy earned by the elastic waves in the 
crystal is almost negligible The diffuse scattenng of X-rays by these waves 
should therefore be relatively very feeble, and cannot account for the great 
intensity of the new spots observed m the Laue photographs Secondly, 
It IS also evident from the habit of the crystal and its physical properties 
that benzophenone is much more nearly isotropic than naphthalene This 
would lead us to expect the intensity of the diffuse scattering of the X-rays 
by the elastic vibrations by the different crystal planes to have intensities 
nearly in proportion to the ordinary X-ray reflections by those planes The 
striking disparity actually observed in the relative intensities of the dynamic 
and static reflections from different planes recorded in the present 
investigation therefore precludes the possibility of any connection between 
the observed phenomena and the theory of diffuse X-ray scattering by the 
elastic waves in the crystal 

In conclusion the author wishes to express his respectful homage to 
Sir C V Raman, f r.s , for his sustained interest in the work 

5 Summary 

The dynamic reflections of X-rays from several crystal planes of 
benzophenone arc recorded. The striking observation made in the 
investigation is that the intensity of the reflection from 002 plane is 
enormously great Other planes on either side of the latter making angles 
of 0° - 40°, also give rise to Raman spots of fair intensity On the other 
hand such reflections from planes makmg an angle of nearly 90° with the 
001 plane are comparatively weak, in spite of the fact that they give very 
intense Bragg reflections These experimental results are thus in striking 
contrast with those obtained for naphthalene m which the dynamic reflection 
from the 001 plane is almost completely absent These facts are readily 
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explained on the basts of the theory due to Raman and Nilakantan tliat 
they arise from the vibrations of the crystal lattice The difference in the 
behaviour of these reflections for naphthalene and benzophenone is due 
to the fact that while in the former the plane of the molecule is normal 
to the 001 plane, in the latter it is parallel to the 001 {dane 
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/. Introduction 

The two earlier papers of this series dealt with crystals of aromatic com- 
pounds, viz , naphthalene and benzophenone The molecules of these 
crystals being highly anisotropic in shape, the effect of their translatory and 
rotational oscillations would be very different on crystal planes respectively 
parallel and perpendicular to the plane of the aromatic rings As a result, 
a striking disparity in the relative intensities of the dynamic and static 
reflections from the different planes was observed For the sake of com- 
parison it IS of great interest to consider the phenomena observed with 
hexamethyl-tetramine which is one of the few well-studied organic sub- 
stances crystallising in the cubic system. On the basis of the ideas already 
indicated we should expect to find in this case a closer parallelism between 
the intensities of the Raman and Bragg reflections by the planes of the 
crystal This conclusion is strikingly supported by the experimental results 

2 Crystal Structure and Lattice Spectrum of Hexamethyl-tetramine 

The crystal structure of hexamethyl-tetramine — ^urotropin — has been 
investigated by Gonell and Mark (1923), and Dickinson and Raymond 
(1923), and with especial thoroughness by Wycoff and Corey (1934) The 
unit cell IS a body-centred cube having an edge-length of a=7*02 AU. 
and contains two molecules of The only planes givmg first order 

reflections are those having two odd and one even indices 

The molecule CaHnNi possesses a symmetry Due to the high 
order of symmetry, many of the molecular vibrations are degenerate There 
are ten modes of vibrations characteristic of the rmg, of which eight are 
Raman active and four are infra-red active. Kohlrausch and co-workers 
(1938) have observed all these eight lines below ISOO cm."*, besides the C-H 
vibrations. In the crystal the two molecules of the umt cdl which give in 
general, all the internal fre()uenoes obsoved in aqueous solutions, possess 
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m addition twelve degrees of rotational and translatory freedom which 
yield the lattice and the acoustic spectra Since the crystal has an 
symmetry and the molecule is isotropic, it is easily seen that these will yield 
only one inter-molecular vibration (or hindered translation) along the 
diagonal of the unit cube, which is triply degenerate, and two hindered 
rotations which are also triply degenerate A group-theoretical analysis of 
the crystal vibrations shows that the translatory vibration comes under the 
symmetry class Fg„* which is inactive in the Raman and the infra-red 
One of the rotatory vibrations belongs to the class Fj^ and is inactive in 
both Raman and infra-red The other appears in the class F,^ and is 
active only in the Raman A preliminary investigation made to record the 
lattice spectrum of the crystal yielded only a weak picture which indicated 
a faint line below 100 cm A detailed investigation of this region with 
single crystals is now in progress 

3 The Dvnamte Reflections of X-rays by Hexamethyl-ietramme 

A tiny crystal of urotropin prepared from a solution of a mixture of 
water and alcohol was used in the investigation The expenmental arrange- 
ment was the same as that described in the previous communications The 
X-rays were first made incident normally to the 110 plane of the crystal, 
which 1 $ one of its natural faces A senes of twenty-eight Laue photographs 
were taken with the crystal rotated about the vertical cube-edge from 
0° to 4S° Figs 1 to 8 in the accompanying Plate reproduce some of the 
typical photographs obtained Fig 1 gives the pattern when the X-rays 
are exactly normal to 110 The two strong dynamic reflections from 
110 and llO and four weak reflections from 011 and Ofl and 101 and lof 
forming an irregular hexagonal pattern may be clearly observed Besides, 
the four Raman spots due to (211) planes are also recorded in the neigh- 
bourhood of the corresponding Laue spots Figs 2 to 8 are for the posi- 
tions of the crystal for which the goniometer readings are nearly 2®, 7®, 26®, 
30®, 33®, 37® 30' and 45® respectively The only crystal planes which give 
Bragg reflections within the range included in the present investigation are 
(110), (200), (211), (220) and (222) All these reflections may be easily 
identified from the patterns illustrated in the Plate Measurements of the 
positions of the spots were, however, made from all the twenty-eight 
photographs taken and the representative data are given later in Tables 
II to IV 


* The notationi are those used by Placzek m Hambuch dtr Xadhhgv, Vol 2, page 297. 
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4 Experimental Results and their Discussion 

1 Relative intensities of the dynamic and static reflections — ^Table 1 
gives the estimated intensities of the Raman spots of the different planes 
and the intensities of the Bragg reflections given by Wycoff and Corey 
(W and C ) and Gonell and Mark (G and M ) 

Table I 


Indices of planes 

Intensity (Dynamic) 

Inilnsity (SlATIC) 

W &C 

G & M 

no 

V str 

1281 

V sir 

200 

med 

447 

mstr 

211 

str 


str 

220 

V w 

300 

w 

222 

str 


sir 


It will be seen that the intensities of the dynamic and the static reflections 
are proportionate for the five planes which represent four totally different 
directions m the crystal Of the three lattice vibrations of the crystal, the 
two hindered rotations do not change the structure amplitude of the princi- 
pal planes Hence the only vibration which is active in the Raman X-ray 
reflections is the hindered translation which is tnply degenerate This affects 
the structure amplitudes of various planes to a similar extent f 

2 The sharpness and orientation of the Raman spots —One of the signi- 
ficant observations made on the Raman spots from the (100), (110) and 
(211) planes of the crystal is that they are fairly sharp and well-defined if 
not too far removed from the Laue reflections This is in striking con- 
trast to the ‘ diffuse ’ spots that are usually recorded in crystals, e.g , rock- 
salt or benzophenone or highly complicated structures like sorbic aad 
(Lonsdale, etc, 1941) This is no doubt connected with the fact that 
there is only one lattice oscillation which modulates the incident X-rays 
and the dynamic reflections in each case arise from a single set of 
phase-waves When there are more than one lattice vibration involved, 
the observed Raman spot is the result of the superposition of a series of 
reflections from several phase-waves which make different angles with each 
other This is presumably one of the reasons why most of the organic 
and inorganic crystals yield only diffuse spots at angles even slightly different 
from the Bragg setting 


t Theantksl adeuhitioii ihewt that tlw (100) aad(lU)Nflaetio»wluehdoiieta 9 pMnn 
the Bragg an wetkly active m the Ramui X-Rojr effect 
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It may further be noticed from the illustrations that for oblique inci- 
dence, the orientation of the Raman spots is different from the corresponding 
Laue spots. Pisharoty (1941) has shown in a recent paper that while the 
Laue spots are elliptical, the Raman spots are round in shape as a conse- 
quence of the fact that the total deviation of the ray from the incident beam 
remains nearly constant for small changes in the angle of incidence When 
the cross-section of the incident X-ray beam is not circular, but elongated 
as in the present investigation, the Raman spots should for the same 
reason, have the same shape as the direct spot and be parallel to 
its length This is what is observed in the case of spots from (110) 
and (211) planes It may also be observed from Figs 2 and 6 that as the 
static reflection by (211) planes recedes away from the dynamic reflection, 
the latter deviates slightly from the line joining the central and the Laue 
spots This indicates that the phase-wave responsible for the (211) dynamic 
reflection is not normal but inclined to the plane contaming the incident 
beam and the normal to the crystal plane 

3 The geometry of the dynamic reflections — ^Tables II to IV give the 
lattice spacing d calculated for the different planes at different crystal orienta- 
tions by making use of the Raman-Nath formula (1940), 

2 d sin — sin 4 ~ ^ 

where B is the galncing angle of incidence and (0 -i- 4)> the angle made by 
the spot-maximum with the central ray and the inclination of the phase- 
waves to the crystal planes It may be seen that in the case of (200) and 
(110) planes, the spacing d remains nearly constant and equal to the theo- 
retical value over a wide range of angles, if we take 90* When the 


Table II 

(200) Reflections Phase Wave-angle d‘—90*‘ Crystal Spacing ^^3' 501 A 


No 

x-ray Wave-tongth 

29 

6 + 4 


Calculated Spacing 
in A 

1 

CuK« 

13" 52' 

23“ 12' 

mm 

3 453 

2 


19‘ 27' 

If 

5*45' , 

3 448 

3 

1 

>» . 

23“ 48' 

•I 

{■QQI 

3 443 

4 

>* 

30“ 53' 

25* 26' 

1 

- 5“ 27' 

3 415 

5 

It 

34* 50' 

It 

- 9“ 24' 

3 426 

6 

It 

36“ 42' 

»• 

-11»*I6' 

3 429 
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Tabu 111 

(1 10) Reflections • Phase-wave Angle #=90*’ Crystal Spacmg— 4 964 A 


No 

X-ray Wave-length j 

20 

0 

*-» 

Calculated Spacing 
in A 

1 



16" 40' 

16" 40' 

5 102 

2 

SySBS 

7» 49' 

16" 54' 

9" 5' 

4 995 

3 

CuKa 

ir 6' 

17" 25' 


5 089 

4 

** 

12^ 42' 

17" 40' 

4" 58' 

5 023 

5 

•I 

13*^ 30' 

■oral 

4" 25' 

4 940 

6 

•* 

16" 54' 

17" 40' 


5 007 

7 ; 

1 

n 


17" 55' 

-* 2' 31' 

4 940 

8 1 

1 


24" 17' 

17" 40' 

- 6" 37' 

5 014 

9 ! 

•1 

28" 20' 

17" 50' 

-10" 30' 

4 942 

10 

i 

29" 12' 

17® 55' 

-11" 17' 

4 96 


Tabu IV 

{211) Reflections X-Ray Wave-length — \ 531 A U Crystal Spacing =2’i65k 






Calculated Spacing in A 

No 

2$ 

0 f i 

1 

4-^9 

mi 

» 65" 54' 

1 

26" 34' 

30" 53' 

4" 19' 

2 889 

2 84 

2 

29" 12' 

31" 5' 

1" 53' 

2 876 

2 83 

3 

31" 18' 

31® 42' 

0" 14' 

2 886 

2 885 

4 

31" 42' 

31" 42' 

0" 

2 887 

2 887 

5 

34" 6' 

31"*42' 

-2" 34' 

2 815 

2 924 

6 

36® 42' 

31® 54' 

-5" 0' 

2 799 

2 855 

7 

38" 48' 

32" 6' 

-6" 42' 

2 784 

2 860 

8 

IIQIIIII 

32" 6' 

-8®«4r 

2 787 

2 885 


glancing angle is less than the Bragg angle, the apparent shift of the Raman 
spot due to K|| reflections merging with those of is taken into account 
in makmg the calculations. This shows that the phase^waves for the lattice 
vibration considered are perpendicular to the (100) and (110) planes. On 
the other hand, for the prismatic plane (211) which makes an angle of 
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6S°’54' with 010 plane, the lattice spacing calculated using ^>=^90^ shows 
a progressive diminution as the angle of incidence is increased It remains 
fairly constant if we put & - 65° 54', as is only to be expected from the 
above-mentioned direction for the phase-waves The lateral shift of the 
(211) Raman spot from the line joining the central and the Laue spots is also 
evidently connected with the azimuthal inclination of the phase-wave The 
observations of the reflections from the (111) planes are neither sufficiently 
extensive nor sufficiently accurate to draw any conclusion regarding the 
phase-wave angle for those planes. 

In conclusion the author desires to thank Sir C V Raman for his 
kind interest in the work 

Summary 

The X-ray reflections from the (110), (200), (211) and (111) planes of 
hexamethyl-tetramine shows that the intensities of the dynamic reflections 
follow the same order as the intensities of the corresponding static reflec- 
tions The Raman spots of the crystal are relatively sharp compared to those 
from organic and inorganic crystals of complicated structure These ob- 
servations are readily explained by the fact that the molecular and the 
crystal structures of the substance have a high order of symmetry and that 
for the principal planes there is only one Raman X-ray active lattice vibra- 
tion which corresponds to a movement of the two molecules against each 
other along the cube diagonal The geometry and orientation of the spots 
are also found to depend on the direction of the phase-waves connected 
with the above vibration. 
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/ Introduction 

The nature of the metallic state is a problem of great theoretical and practi- 
cal importance The elementary nature of metals and the simplicity of 
their internal structure as revealed by X-ray studies entitle them to the 
first place in any general discussion on the solid state of matter It is not 
surprising therefore that in the earliest discussions of one of the most 
important problems of the solid state — the nature of the thermal energy in 
crystals — the exponents of the various theories namely Emstein, Debye, and 
Born-K'arman, looked to the data obtained with metals for experimental 
support About 36 of the metals crystallize in the cubic system, fifteen 
of them belong to the body-centred class, while eighteen of the rest have 
a face-centred close-packed structure which is geometrically one of the 
simplest arrangements of packing a large number of spheres in the densest 
possible manner Because of this structural simplicity it was for a long 
time supposed that Debye’s theory could be applied to all the metals of 
the above class without reserve, and that their vibrational spectrum could 
be replaced by that of an elastic continuum of which the upper limit was 
finite and so chosen as to make the total number of degrees of freedom also 
finite The earliest work by Nemst and his school did appear to support 
this idea, but more accurate later determinations brought out numerous 
in which Debye’s theory does not fit with the experimental results; 
s^iile there are some so-called anamolous cases where Debye’s theory com- 
frietdy breaks down. In two papers appearing in the November 1941 issue 
of these Proceedings, the author has examined these pomts in detail and 
has shown that all these difiteulties of the specific heat theory find a vay 
simple explanation in the fact that the vibratiooal spectrum of metallic 
lattices includes a number of discrete monochromatic frequencies wluch 
contribute Emstein terms to the spedfic heat formula. In the case of a 
fimo^tred cubic lattice, for exam^, the unit cube consists of four aUmis 
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having twelve degrees of freedom The three translations of the cell as a 
whole contribute terms of the Debye-type, while the remainmg nine degrees 
of freedom are assigned to the Einstein frequencies which will in general 
be three triply degenerate ones 

Independent evidence for the presence of discrete monochromatic 
frequencies in solids can be obtained by the study of the new type of X-ray 
reflection discovered by Raman and Nilakantan (1940) in diamond and 
other crystals They have shown that the incident X-ray quantum excites 
the infra-red monochromatic frequencies of the crystal lattice and thereby 
produces dynamic stratifications of electron density The incident quantum 
IS then reflected by these dynamic stratifications The geometric direction 
of the resulting X-ray reflection is given by the forumla of Raman and 
Nath (1940) 

2 d sin ^-" 2 — sin + - 2 = « A sin 

where <f> is the glancing angle of the Raman reflection, and 6 the glancing 
angle of incidence with respect to the static crystallographic planes, while 
& is the angle which the phase-waves make with the same static planes It 
has been pointed out by these authors that the elastic waves of the Debye- 
type and the discrete Einstein vibrations would behave differently towards 
the incident quantum The former would give rise to a general diffuse 
scattering with no pronounced maxima, while the latter would produce a 
distinct type of X-ray reflection A study of the Raman reflection from 
single crystals of metals is therefore of great interest in providing a com- 
pletely independent proof of the discrete frequencies in the vibrational 
spectrum of metals the presence of which is so strongly suggested by the 
specific heat considerations From the temperature variation of the inten- 
sity of these reflections, it should be possible to evaluate the characteristic 
infra-red frequencies of metals as has actually been done by Dr. C S. 
Venkateswaran for non-metallic crystals, as shown in an earlier paper m the 
present issue of these Proceedings 

In the present paper the author has investigated the Raman reflections 
from a number of planes of single crystals of aluminium for the various 
settings of the crystal Some extra spots were observed by Preston (1939) 
in the Laue pictures of single crystals of this metal when the X-rays passed 
through a few standard directions m the crystal He definitely discounted 
any idea of associating these spots with any lattice plane and ascribed them 
to diffraction by some limited groups of atoms This idea however, is not 
acceptable (Born, 1941), and calculations with Preston’s mtensity formula 
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do not give the change in intensity which is actually observed when the 
orientation of the crystal is varied 

2 Experimental Airangements and Results 

Single crystals of aluminium were prepared from a wire of pure metal 
about 1 mm in diameter by the stretch-anneal method (Carpenter and 
Elam, 1921) The orientation of the [110] direction in the crystals so 
prepared was generally found to be nearly parallel to the length of the wire 
A Shearer-tube working at about 55 to 60 K V was used The (200) 
Raman reflections were studied by using a molybdenum target and the 
other planes with a target made of silver The period of exposure varied 
from 5 to 9 hours On account of the ease with which the various planes 
could be studied by a simple rotation of the crystal about the goniometer 
axis, the crystal was so mounted that the [100] was nearly vertical The 
orientation of the crystal was then adjusted in such a way that the Laue 
spot due to any desired plane was obtained very near the Bragg setting of 
the same plane for the monochromatic radiation of the material of the target. 
As should be expected, the Raman reflection for that plane is then observed 
by the side of the Laue spot The new reflections were then photographed 
for various settings of the crystal about this position The plate distance 
was measured separately for each position of the crystal by measuring its 
lateral shift in the field of view of a microscope as the crystal was rotated 

The results of measurement are given in the following tables $ is the 
glancing angle of incidence, and ^ the glancing angle of emergence with 
reference to the crystallographic plane given at the top of each table 2 ^ 
IS the angle which the emergent ray makes with the incident ray while d is 
the spacing calculated from the Raman-Nath formula (given earher in this 
paper) with the assumption that the angle 90** 

Table 1 


(200) Raman reflections from single crystals of Alfor Mo 
Theoretical d • 2 023 A ^ — 90° 


0 

mg 

4 


d (Angstroms) 

12*.28' 

20**- 3' 

7*-35' 

4M3' 

2 04 

ir-sr 

20'*-I0' 

SMS' 

2M4' 

2 03 

HMr 

20**- 6' 

8M9' 

2M8' 

2 04 


20**-! 3' 

9M2' 

29' 

2 02 

8*-28' 

20**-10* 

ir-42' 


2 01 

6‘*-52' 

19*-54' 

13**- 2' 


2 06 

5M2' 

20'- 9' 

i4Mr 

3') 

2 04 
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Tablf it 

(111) Raman reflections for Ag K„ Jrom single crystals of Al 
Theoretical d - 2 336 Ad' = 90“ 


9 

2* 

i ^ 1 

9 

d (Angstroms) 


13 -36' 

8"-53' 

-(4 -10') 

2 37 

6"-32' 1 
7-3r 1 


not separated from Uiiic spot 


9 - 6 ' 

ir-4^ 

4‘-37' 

40-29' 

2 34 

9M3' 


4'-20 

4‘^-53' 

2 37 

10 '^- 2 

J3Mr 

3^-39' 

6^-23' 

2 35 

IO“-33' 

l3'-33' 

3“- 0' 

70 , 33 ' 

2 38 

10‘*-55' 

13^-38' 

2“-43' 

8"-12' 

2 37 

ll'^-3r 

13" -46' 

2“-15' 

9“-l6' 

2 34 

12 - 6 ' 

n"-38' 

r-32' 

11 “-34' 

2 37 

12^-50' 

l3"-38' 

0"-48' 

120 - 2 ' 

2 37 


Table 111 

(220) Raman leflections for Ag Ka from single crystals of Al 
Theoretical d—\ 43 A # = 90“ 


e 

20 

0 

6-0 

d (Angstroms) 

6“-40' 

22“-3r 


-(9‘’-in 

1 44 

8“-.59' 

22“-24' 

I3“-25' 

-(4“-26') 

1 44 

12“- 4' 


not separated from Lane spot 


12“-) 8' 

I 22'-36' 

10“-18' 

2^-0' 

J 43 

13-23' 

1 22'-32' 

9“- 9 

4M3' 

1 43 

15“-24' 

22M7' 

7“-23' 

8“- r 

1 42 


Table IV 

(222) Raman reflections from single cnstah of Al for Ag 
Theoretical rf— 1 168 A = 90“ 


9 

2 * 

0 

6-0 

d (Angstroms) 

ir-31' 

27‘-3r 

1 I6“- 8' 

4^-37' 


12^-32' 

27“-3r 

l4‘'-59' 

2“-17' 

■■■ 


3 Discussion 


The spacings calculated from the Raman-Nath formula for — 90“ 
agree very well with the known crystal spacings given at the top of each 
table The accuracy of the present measurements is limited for two main 
reasons In the first place in order to avoid the large absorption of the 
Cu radiations, shorter wave-lengths had to be used ; secondly the continu- 
ous radiation present gave rise to streaks which made the exact determina- 
tion of the position of the Raman spot shghtly difficult, particularly in posi- 
tions when Its separation from Laue spots was the largest Nevertheless 
It can be stated that the angle between the crystallographic planes 
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studied and the phase>waves probably did not differ by more than 
ten degrees from the value = 90®) given above This is shown by the fact 
that if we calculate the spacings by putting & — 80®, the largest difference 
between the spacings so calculated and those given lA the column S of the 
above tables is about 2% in the case of (111) and (220) reflections and 
about 1% in the case of 200 ones 

The most remarkable feature about these reflections is that they are 
fairly sharp and not so diffuse as would be the case if they were due to 
diffuse scattering The essential difference between them and the Laue 
spots seems to be that the boundary of the former is not quite as sharp as 
in the latter The angular width of the new spots does not change very 
much with their position relative to the Laue spots, and appears to be 
largely governed by the size of the pin hole used in the camera 

The above facts seem to leave no doubt that we are dealing with a 
regular reflection and not with any diffuse scattering Bnndley and Ridley 
(1938) have given the atomic structure factors of the various planes of 
aluminium in the following order (of decreasmg magnitude) 111, 200, 220 
and 222 The same order of intensity appears with the new reflections 
In conclusion the author wishes to express his thanks to Sir C V 
Raman, Kt , r r s , n l , for the interest he has taken in the work and to 
Dr P Nilakantan for help in the experimental work 

i Summary 

The presence of discrete Einstein frequencies in metals which is sug* 
gested by the observed deviations from the Debye specifie heat formula finds 
support in the fact that the various lattice planes of alununium show strong 
Raman reflections The (200), (111), (220) and (222) Raman reflections 
from single crystals of aluminium have been studied for a large number of 
settings of the crystal It has been shown that the position, sharpness and 
the angular width of the new spots pomt to their being a new type of 
reflection and not diffuse maxima of X-ray scattering The positions of 
the spots indicate that the angle between the crystallographic planes and the 
phase waves does not differ very much from 90® 
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7 Introduction 

It has been shown in an earlier paper that the diffuse maxima observed 
by several authors in the Laue patterns of rock-salt are due mainly to the 
dynamic X-ray reflections by the monochromatic crystal vibrations as was 
originally explained by Raman and Nilakantan* (1940) In the present paper 
It IS proposed to give an analysis of the lattice vibrations of the sodium 
chloride crystal and ascertain their part in determining the intensity and the 
geometric law of the Raman X-ray reflections from its pnncipal planes 

2 Group Theory and the Lattice Spectrum of Roiksalt 
The unit cube of the rock-salt lattice contains four sodium and four 
chlorine atoms, each group possessing tetrahedral symmetry The co-ordi- 
nates of the atoms are 

Na 0, 0, 0, -J, 0, 0, 0, ^ 

Cl 

There are twenty-four degrees of freedom for the atoms in the unit cell The 
crystal vibrations may be classified among the different symmetry classes of 
the space group to which the crystal belongs, according to the following 
character table The notations employed are the same as those given by 
Placzek^ and the procedure followed m drawing up the table is the same as 
that given by Bhagavantam and Venkatarayudu’* (1939) It will be seen 
from Table 1 that there are altogether eight modes of vibrations for the crystal 
all of which are triply degenerate One of these in class corresponds to 
the translations of the unit as a whole along the three axes and may, for the 
present, be assigned to the Debye elastic spectrum 

Of the remaining seven, two belonging to the class Fi,, are active in infra- 
red and inactive in Raman, and five m class Fi^ are inactive in both One 
of the former class corresponds to the oscillation of the sodium lattice against 
the chlorine lattice, and is referred to m the following as mter-lattice vibra- 
tion The remaining one of this class and one of Fj^ correspond to the 
426 
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Table I 

Character Table for Rock-salt 


Oa 

E 

sc, 

m 

B 

m 

i 



m 



Raman 

Infra-red 

Aj^ 

1 

1 

i 

1 

i 

1 

1 

1 

1 

1 

0 



Aj^ 

1 

1 

1 

- 1 

- 1 

1 

1 

1 

- 1 

- 1 

0 



% 

2 

-1 

2 

D 

n 

2 

-1 

2 

n 

m 

0 




3 

H 

- 1 

- 1 

1 

3 

0 

ED 

- 1 

1 

0 




3 

D 

- 1 

1 

- 1 

3 

0 

- 1 

1 

- 1 

0 



Ai« 


1 

1 

1 

1 


-1 

- J 

n 

- 1 

0 



Agi# 

1 i 

1 

1 

B 

- I 

- 1 

-1 

- 1 

1 

1 

T 



E« 

2 

-1 

2 

D 

D 

- 2 

1 

- 2 

B 

D 

0 



Fjw 

3 

B 

- 1 

- 1 

1 

- 3 

0 

n 

B 

- 1 

2 

f 

Active 


3 

D 

- 1 

m 


- 3 

0 


- 1 

1 

6 

f 

Inactive 

UH 

8 

2 

8 

|B 

B 

8 

0 

D 

B 

B 

■ 




24 

B 

- 8 

MM 

m 

-24 

0 

8 

B 

B 


hit 

24 

B 

-24 

24 

-24 

-24 

0 

24 

-24 

24 


‘ breathing ’ oscillations of sodium and chlorine atoms in the unit, in one of 
which all the atoms move in the same phase (symmetric), and in the other the 
movements of the sodium and the chlorine atoms are opposite in phase 
(anti'Symmetnc) The author will go more fully into the vibrational 
spectrum of the crystal in a subsequent paper 


3 The Dynamic Reflections of X-rays by Rock-salt 
The displacements of the atoms in the inter-lattice vibration are normal 
to the (100) planes and those of the * breathing ’ oscillations are normal to 
the (1 1 1) planes As a first approximation, we consider the effect of these 
three modes of vibrations on the intensities of Raman X-ray reflections 
The other modes of vibrations would contribute only relatively feeble 
components normal to (100), (111) and (110) planes If a and 6 are the 
amplitudes of the Na and Cl atoms in the direction of vibration, the co- 
ordinates of the eight atoms for the three vibrations are 
1 . for the antisymmetric 


V3’ 1 V3’2 V3’V3’ 


etc 
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2. for the symmetric 

Na : Same as for 1 

ri 1 M . 1 * * * ..tr 

^ 2 V3’2 v3’2 V3’ 2 V3’ V3’ V3 ’ 

and 3 for the interlattice, considering its triple degeneracy 

Na a', a', a' , i + o', i + o', a' , etc 

Cl -i>',-&'etc 

Sir C V Raman has given the following expressions for the intensities of 
static (Ib) and dynamic (Ik) X-ray reflections at or very near the Bragg setting 
For an imperfect crystal, 

V Ifl “ Jo iCfi) f p cos (2 ff vt— Zpt I 

V I* ~ Ji i^plfp' sin [2 IT (v± V*) t — 2 p] II 

2 ff t 

where being the component of the displacement of the pth 

atom normal to the crystal plane considered and d its lattice spacing. For 
an infra-red vibration of frequency v*, the amplitude Op is given by 

Sp i mp Op* — ^ -jjr where mp is the mass of the atom The dynamic 
structure amplitude of any plane is then given by 
|F1* = [Sp J, iCp) fp cos 2 TT N {hxp + *»H- fe;,)]*-!- 

[Sp Ji Up) fp sin 2 IT N (hXp + kvp + /.>)] * III 

where h, k, I arc the Miller indices of the plane, N is the order of reflection 
and Xp, yp and Zp are the co-ordinates of the displaced atom These expres- 
sions for the 1st and 2nd order reflections by the 111, l(X)and 110 planes have 
been deduced for the three modes of vibrations And assunung that the fre- 
quencies of these vibrations are all in the neighbourhood of 160cm~* and 
remembering that they are triply degenerate, the amplitude Op is calculated 
for the three cases and hence the corresponding ip, (p, ({^) and Ji (ip) 

for Na and Cl atoms separately in each case Substituting these values in the 
expressions for intensities, we get the following table for the intensities of 
the static and dynamic reflections 

The data given in Table II lead to the following conclusions (1) The 
intensities of the dynamic reflections from (222), (200) and (220) planes are 
proportional to the corresponding Bragg intensities (2) The (ICIO) and (1 10) 
dynamic reflections should appear weakly whereas their static reflections are 
forbidden The dynamic structure amplitude of (100) reflections is suflSciently 
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Table II 


Intensities oj Raman and Bragg X-ray Reflections 


Mode of Vibration 

Intensities 

|F)» 

Miller Indices of Planes 

lit 

222 

100 

200 

no 

220 

Anti-Symmetric 

Raman 

11 

17 7 

001 

43 8 

9x10“* 

27 6 

Bragg 

^10 

2700 

0 

6624 

0 

4020 

Symmetric 

Raman 

11 


045 

43 8 

9xi0“* 

27 6 

Bragg 

310 

2700 

HHQHII 

6624 

miiiiiQin 

4020 

Inter-Lattice 

Raman 

21 

5 5 

0 



8 6 

Bragg 


2700 

■1 


0 

4000 


Raman 

(Total) 

mm 

40 9 

0453 

101 8 

ISxIOr* 

63 8 

Raman 

Bragg 

i 

720 

1 

66 


1 

66 


I 

63 


high (about 5 x 10“*) to record the spot in well-exposed pictures (3) The 
intensity of the (111) dynamic reflections is only 1/720 of the static reflections, 
while that of (222) is 1/66 As the Bragg intensities of (111) to (222) 
reflections are in the ratio 3 11, the corresponding ratio for the Raman 
intensities is 1 40 


4 Experimental Results 

Figs 1-4 m the accompanying Plate are four photographs taken with a 
crystal of rock-salt set with one of the (111) planes normal to X-rays and then 
rotated about [110] axis Fig 1 shows the trigonal symmetry, when the 
X-rays are nearly normal to the plane and the glancing angle on (1 1 1) planes 
measured from their Laue spots is 19° 36' Figs 2-4 are taken with X-rays 
making glancing angles of 11° '32', 4° 46' and nearly 2° 30' with the 111 
plane On account of the great thickness of the crystal traversed by X-rays 
due to oblique incidence, the absorption is great and it was observed that the 
effective X-ray wave-length maximum is 0 46 A The corresponding Bragg 
angle for the first order of (111) reflection is 3° 40' and for the second order 
IS 7° *37' The strong Raman spot of the (222) reflections may be seen m all 
pictures On the other hand, the (1 1 1) Raman spot appears very weakly only m 
Fig 4 in which it is very near the Bragg settmg In Fig. 3, the (1 1 1) reflection 
is nearer to the Laue spot than the (222) reflection and yet it is not recorded 
while the latter comes out with great intensity. The investigation thus clearly 
shows that the first order of the dynamic reflection by the (111) plane is 
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extremely weak which is in qualitative agreement with the theoretical calcula- 
tions These results again demonstrate that the new spots in rock-salt do not 
owe their origin to the scattering of X-rays by the elastic waves, for which the 
relative intensities of the first and second order maxima should be nearly* of 
the same order as of the Bragg Reftections, viz ,3 11 The (222) Raman 
spots show also a drift towards the Laue spot as the crystal is rotated 

5 Phase-waves and the Geometric Law of the Raman X-ray Reflections 

It may be reasonably assumed that the phase waves associated with the 
lattice vibrations of rock-salt will be parallel to the planes containing only 
either sodium atoms or chlorine atoms Secondly the phase-waves respon- 
sible for the Raman spot lying approximately on the line joining the central 
and the Laue spots, should be one having the minimum azimuthal angle 
From these two considerations it is assumed that the phase-waves will be 
parallel to the (311) planes There are altogether twenty-four planes belonging 
to this “form" The geometric law of the dynamic reflections is given by Raman 

and Nath® (1940) as 2 rf sin sin ^ 2 0“ ^ ^ 

lattice spacing, 0 is the glancing angle of incidence, ® + ^, the angle between 
the incident and reflected rays, ^ is the angle made by the reflecting plane 
with one of the {311} planes 

Jauncey and Baltzer* (1941) have shown by an elegant experimental 
method that the diffuse maxima of the (400) and (620) planes drift towards the 
Laue spot as the crystal is rotated In order to verify their data, the author 
has reinvestigated the case of rock-salt with Mo radiations, using a fine aper- 
ture lead-slit and a thin crystal and taking care m setting the crystal so that the 
plate distance remains constant for all crystal orientations It was observed 
that the dynamic reflections for the 200, 400, 220 and 440 planes for Mo K. 
do not show any measureable drift from the Bragg position, as is only to 
be expected from the above formula Since no shift has been noticed the 
measurements are not given here The extrapolated data furnished by 
Zachanasen^ (1941) from a re-measurement of the reproduced photographs 
of Raman and Nilakantan (1940) are thus unjustifiable and are indeed con- 
tradicted by his own rigorous formula given later (Zachariasen^ 1941) 

In Tables III-V, the results of Jauncey and Baltzer* are given along with 
those of the present author The readings in the neighbourhood of the Bragg 


* According to Zachanaien’s rigorous formula* (1941) the utenaity vanei as 1/cos^B for 
small values of g, -Sb This gives an increase of only 1 *4% for the second order reflection over 
the first order 
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angle are omitted The phase-wave angle, / e , the angle made by the reflec- 
ting plane with one of the {311} planes, m each case is shown in the begin- 
ning of each table 

Table III 
IT 27'= 100A113 


i400) reflection' d^2 81A 

Jauncey CuK^ 

(600) reflections d^l 81 A 

Author MoKa 

B 

B \ ^ 


m 

20 

0 4 0 

0-0 

d 


68' 38' 

1 

- 11 36' 

2 831 

39" 12' 

44° 14' 

5" 2' 

2 8 

GO 

c 

SI 

' 

68° 38' 

-9 36' 

2 810 


44" 31' 

-r 41' 

2 82 

76" 14' 

68 20' 

-7° 54' 


oi 

45° 

-5" 8' 

2 82 

74° 14' 

67’ 50' 

-6 24' 

2 809 

54° 20' 

45° 24' 

-8° 56' 

2 83 

72" 14' 

67° 32' 

-4’ 42' 

2 803 





60^ 14' 

65" 2' 

f 4° 48' 

2 825 





58° 14' 

64° 26' 

+6° 12' 

2 840 





56° 14' 

64° 26' 

*-8° 12' 

2 830 






Table IV 

6' = 311 A 130 

(620) reflections 89 1 


Jauncey CuKa 

Author MoKa 

20 

0 4-0 

0-0 

■i 


m 

0-0 

d 

126'’ 8' 

123° 54' 

-3° 14' 

889 

43° 51' 

46° 28' 

2° 37' 

•884 

125° 8' 

122° 36' 

-2° 32' 

1^ 

50° 45' 

47° 21' 

-v> 24' 

H|||||^^|r|||||| 

113° 8' 

115° 36' 

2° 28' 

894 1 

52° 46' 

47* 41' 

_5«. 5' 

9(M 

111° 8' 

114° 54' 

3“ 46' 

•891 1 





109° 8' 

114° 

4° 52' 

890 


1 
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Table V 

82® 15'= 13T A 20\, X-ray wave-length *708 A 

(402) reflections Lattice facing ‘•I 26 A 


2$ 

9 

0-0 

d 

25" 58' 

32" 17' 

6" 19' 

1 267 

'^5" 24' 

32" 33' 

- 2" 59' 

1 272 

41" 24' 

32" 49' 

- 8" 35' 

1 275 

45" 46' 

ir 5' 

- 12" 41' 

1 271 

47^ 10 

33" 5' 

-14" 25' 

1 276 

49 50' 

33" 20' 

-16" 20' 

1 273 


Considering the limitations for accurate experimental measurements. 
Tables III, IV and V show that the lattice spacing obtained in every case is 
fairly constant and nearly equal to the theoretical value It may be 
remarked here that as has been indicated by some authors, the geometric law 
for the new reflections is more or less similar whether they are considered as 
arising from the infra-red vibrations (Raman), elastic waves (Fax6n-Waller- 
Zachariasen), or mosaic blocks (Preston-Bragg*') As such, any agreement 
between the theoretical and experimental values (see also Zachariasen*, 
1941) cannot be regarded as being in favour of one or other of these theories 
Indeed, the present study shows that the geometric behaviour of the Raman 
reflection gives us a valuable method of determining the direction of the 
phase- waves in the crystal 

6 Origin of the Streamers in the Rotk-sah Patterns 
The Laue photographs of rock-salt reproduced by Raman and Niiakantan 
(1940) show that many of the quantum reflections have faint streamers run- 
ning in different directions associated with them These are also clearly seen 
in the pattern obtained by Gregg and Gingrich (1940) using monochromatic 
radiations, an original print of which kindly sent by them to Sir C V Raman 
was placed at the disposal of the author These streamers have obviously 
a similar origin to those recorded by Raman and Niiakantan (1940) for 
diamond and explained in a complete fashion by Pisharoty (1941) on the 
assumption that associated with each of the (111) planes there are three phase 
waves parallel to the (100) planes In the case of rock-salt the (311) planes 
take the place of the (100) planes of diamond. Calculations made on the 
lines indicated by Pisharoty for diamond and taking three (311) phase-waves 
symmetricaly situated with respect to the reflecting plane shows that the angle 
between streamers connected with (220) and (402) planes lies betwen 80° and 
8S°. Observations made on the photograph furnished by Dr Gmgnch are in 
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agreement with this calculation It is also possible that the cross>streamers 
connecting the ‘ maxima ’ are due to the combined eflect of different phase- 
waves and require further careful consideration A faint spot corresponding 
to 100 reflection is also discernible in the latter photograph and if substan- 
tiated by observations on the original negative would confirm the theoretical 
expectation made earlier in the paper 

In conclusion I take this opportunity to thank Sii C V Raman, i r s , 
for his continued interest in my work The author’s thanks are also due to 
Mr Rama Pisharoty for some discussions he had with him in the calculation 
of intensities 

7 Summary 

The lattice vibrations of rock-salt are analysed and the intensities of the 
first and the second orders of the Raman X-ray reflections from the (111), 
(100) and (1 10) planes are calculated foi the three principal modes of vibra- 
tion These calculations show that the intensities of the (222), (2C0) and (220) 
Raman reflections are proportional to those of their corresponding Bragg 
reflections The intensity of the (111) Raman reflection is only 1/40 of that 
due to (222) whereas the ratio of the corresponding Bragg reflections is 9/33 
This IS in agreement with experimental observations with rock-salt The 
(100) and (110) Raman reflections should be very weak The drift of the 
Raman spot observed by Jauncey and Balt/er for 400 and 620 and also by the 
present author for 600, 620 and 420 planes for different crystal orientations 
IS satisfactorily explained on the assumption that the phase-waves are parallel 
to |3i 1} planes ot the crystal The ‘ streamers ’ that are observed in associa- 
tion with the ‘ maxima ' in rock-salt are also explained on the basis of the 
co-existence of at least three such waves effectively connected with any 
particular plane. 
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I Introduction 

In an earlier paper appearing in this issue of the Proceedings, the author has 
shown how the dynamic structure amphtude of any lattice spacing of diamond 
may be calculated for the 1332 cm oscillation f The Planck oscillator 
of this frequency v* is taken to consist of two atoms and the amplitude of the 
oscillation is calculated by giving an energy hv* to each oscillator All the 
oscillators are assumed to be in phase, so that we get the structure amplitude 
of the Raman or quantum reflection at the correct Bragg setting only We 
add the periodic displacements of the various atoms of the unit cell to their 
static co-ordinates and substitute the vectorial sums, for the respective 
co-ordinates Xp, Vp, Zp, of the pih atom of the unit-cell, in the following 
expression for the structure amplitude of the reflection from the {hkl) plane 

9 

Here fp is the atomic scattering factor of the pth atom and v is the frequency 
of the incident X-radiation The {hkl) plane would be active for the Raman 

Table I 


Indices 
of the 
plane 

Spacing 

in 

AU 

Classical 
or Bragg 
reflection 

Quantum 
or Raman 
reflection 

■pjoIJS 

Spacing 

in 

AU 

Classical 
or Bragg 
reflection 

Quantum 
or Raman 
reflection 

111 




400 

0 889 


F 

311 




420 

0 795 


A 

331 




422 

0 726 


F 

333 

0 685 

A 

A 

440 

0 629 

A 

F 

335 

0 542 

A 

A 

620 

0 562 

A 

F 

551 

0 498 

A 

A 

622 

0 537 

F 

A 





660 

0 419 

A 

F 

200 

1 778 

F 

A 

662 

0 409 

F 

A 

220 

1 238 

A 

h 

844 ! 

1 0 363 

A 

F 

222 

1 029 

h 

A 

1 





A— Allowed F—Forbidden 


t Recently Nayar has found that there are discrete lattice frequencies for diamond as low 
AS 127 cm They arc not discussed here since their modes of oscillation are not as yet known 
It IS possible that some of them may be active where the quantum reflections for the 1332 oscil- 
lation IS forbidden These quantum reflections it any, would be then more temperaturt-sensiUve 
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reflection whenever there is a term with frequency (v ± »»•) in the 
reflected radiation The above table gives the active planes for the 

quantum reflection produced by the lattice oscillation of 1332 cm 
The first series of planes have all their indices odd and every one of them 
IS allowed for the Raman reflections When all the indices are even, the 
Raman reflections are ‘forbidden’ if h + k + l — 4n, and are* allowed’ if 
h + k + l=4n+2, the Bragg reflection being ‘ forbidden ’ for the latter case 
A face-centred cubic lattice has planes in common with the diamond lattice 
which are ‘ forbidden ’ for the classical reflections All of them are ‘ for- 
bidden ’ for the quantum reflections as well 

The author has calculated in his previous paper already mentioned, 
that the intensity of the Raman reflection for the (111) planes of diamond in 
the correct Bragg setting would be about 7% of the total reflected intensity. 
The experiments of Raman and Nilakantan^ showed that the intensity of the 
quantum reflection is fairly large when close to the Bragg setting, and that it 
falls off rapidly as the setting is continuously altered But they have given 
no quantitative data and have not approached very close to the Bragg setting 
The present paper gives an account of an experimental determination of the 
absolute intensity of the quantum reflections from the (111) planes, in terms 
of the intensity of the direct monochromatic beam 

2 Experiments and Results 

Copper X-radiations generated in a Siefert tube of t|}ie demountable type, 
worked at 56 k V peak and 22 ma , was passed through a lead slit 0 2 mm 
wide, 4 mm high, and 130 mm deep The emergent narrow pencil was 
monochromatised by reflection at the octahedral cleavage face of a thin plate 
of diamond (10 x 6 x 0 8 mm ’*) set at the Bragg angle of the K« radiation 
The reflected beam was easily visible on a fluorescent screen, held beyond a 
second slit 0*2 mm wide and 2 mm high, cut in a sheet of lead, and placed 
at a distance of 2 cm. from the crystal 

The monochromatic beam, coming through the second slit, passed 
through a second crystal of diamond (0 8 mm thick), set with its octahedral 
cleavage face nearly normal to the incident beam A rod of 10 cm length 
attached to the goniometer of this crystal enabled it to be turned through 
small angles. A plane mirror attached to the goniometer was used together 
with a scale and telescope to measure small angular displacements of the 
crystal. A millimetre shift on the scale corresponded to a shift of the crystal 
through 1 3 minutes of arc 

After a series of trials, the second crystal was set to give Bragg reflection 
from the interior (111) planes, as registered on a photographic film kept 
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normal to the direct beam and at a distance of 4 5 cm from the crystal. The 
crystal was rotated through known angles from this position, and the corres- 
ponding quantum reflections were recorded In each case the direct beam 
was allowed to be incident on the him all the time, but with its intensity 
reduced to a known fraction by the interposition of a definite number of thin 
standard nickel foils supplied by the firm of Adam Hilger Each foil was 
0 033 mm thick The number of foils were adjusted so that the direct 
spot and the quantum reflection recorded on the same film were of compara- 
ble intensities Up to five foils were used in the experiments 

A density-log intensity curve, for the Kodak “Duplitizcd” X-ray 
films used, was drawn employing the step-wedge method of Baltzer and Nafe^ 
with the incident X-rays nearly monochromatised by a nickel Biter 0 066 mm 
thick All the films were developed with the same stock of developer under 
the same conditions of time and temperature A Moll microphotometer 
supplied by Kipp and Zonen was employed for the photographic density 
determinations. 

Measurements were taken only up to thirty minutes of arc from the Bragg 
setting by this method The time of exposure for this setting was ten hours 
For wider settings of the crystal monochromatisation was dispensed with, as 
very long exposures were required A narrower slit was employed and the 
beam directly passed through the second crystal Raman reflections for half- 
a-degree and one degree off the Bragg setting were recorded on the same film, 
one below the other, and with suitable exposures to make both of them nearly 
of the same photographic density Similarly, the quantum reflection when 
(9y, — O)-!” was compared with the one for which (Pb— - 1“ The 
actual intensities were compared by assuming the value of the exponential 
of time, in the expression for the photographic density poduced by X-rays, to 
be one. 

The following table gives the intensities of the quantum reflections, for 
various settings of the crystal, as fractions of the intensity of the direct beam 


Table II 


2(S.-S) 

Intensity of the Roman reflection 

Intensity of the direct beam 

S' 2 

0 010 

10' 4 

0 0029 

18' 

0 0008S 

20' 

0 00028 

,0 2‘ 

0 0000020 

2* O' 

0 0000004 

4* 0 

0 00000008 
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FlO 1 

Graph of Intensity against Crystal Setting 


The results are plotted in Fig 1 , the ordinates being the intensities and 
the abscissae being twice the difference between the Bragg angle and the 
glancing angle B It can be shown from the Raman and Nath formula’ that, 

2 (^„- ^ + 

" A cos 

where d is the crystal spacing, A is the phase-wave-length of the 
lattice oscillations, and ^ is the inclination of the phase-waves to the 
lattice spacings Hence, the curve represents the variation of the 
intensity of the quantum reflections with the reciprocal of the phase-wave- 
length of the lattice oscillations involved 

The natural divergence of the beam is determined by the width of the 
second slit and the far end of the first slit This works out in the present 
experiment to be about four minutes of arc on either side of the central beam 
To this IS to be added the divergence of the Bragg reflection But this is of 
the order of a few seconds of arc, for a perfect crystal of diamond, and 
hence negligible Therefore there can only be some doubt about the 
accuracy of the first value in the above table 

A7ff 


F 
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3 Discussion 

It IS found that the intensity of the Raman reflection does approach a 
few hundredths of that of the incident beam and therefore, of the Bragg reflec- 
tion Itself. This IS in general agreement with the theory, which indicates an 
intensity of about 7% of the Bragg reflection in the most favourable setting 
The intensity of the quantum reflection falls with extreme rapidity at first and 
then more slowly with increase of the value of or from another point 

of view, with decrease of the operative phase-wave-length of the lattice oscilla- 
tions The facts thus suggest that, in diamond, the lattice oscillations with 
long phase-wave-lengths are far more probable than those with smaller phase- 
wave-lengths 

My sincere thanks are due to Sir C V Raman, r R s , for his invaluable 
help during the course of this work 

4 Summarv 

The lattice planes of diamond which are ‘ allowed ’ and * forbidden * 
for the Raman reflections produced by the lattice oscillation of 1332 wave- 
numbers are tabulated The intensity of the quantum reflections from the 
(111) planes are directly compared with the incident monochromatised X-rays, 
at settings ranging from a few minutes of arc to two degrees away from the 
Bragg setting The results show that the intensity of the Raman reflection at 
the closest setting is a few hundredths of the intensities of the incident beam, 
in general agreement with the theoretically estimated value of 7% at the exact 
Bragg setting The intensity falls off rapidly at first and then more slowly 
as the crystal setting is continuously altered When the angle of incidence 
differs by two degrees from the Bragg value, the intensity is roughly a ten- 
millionth part of the incident beam 
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1 Introduction 

The experiments of Raman and Nilakantan* on the quantum reflection of 
X-rays from the (111) planes of diamond have definitely established that the 
phase-waves of the lattice oscillations, excited by the incident X-rays are 
parallel to the (100) planes transverse to the plane of incidence. The present 
paper deals with an experimental study of the cfiects of the other two possible 
sets of phase-waves parallel to the cube faces, on the Raman reflections 
One of us has shown in a previous paper^ that these sets of phase-waves also 
would#jgive rise to weaker Raman reflections, in directions considerably out 
of the plane of incidence of the X-rays on the static spacings In fact, the 
streamers and the subsidiary spots accompanying the main Raman reflection 
(Raman and Nilakantan, 1940) are quantum reflections ansing from the dyna- 
mic stratifications produced by the combination of these waves with the 
static (1 1 1) spacings 

2, Experimental 

A Siefert tube of the demountable type with a copper anti-cathode, run 
at S6 k V peak and 22 ma was the source of X-rays The horirontal X-ray 
beam was passed through a lead slit of the pin-hole type of effective depth 
9S mm and diameter 1 mm The emergent pencil had a divergence of 72' 
This narrow pencil was then passed through a thin triangular plate of 
diamond, cut nearly parallel to a set of (111) planes and held nearly nomal 
to the incident beam The subsidiary phenomena accompanying the main 
Raman reflection were studied for angles of inadence close to the Bragg 
angle corresponding to the (1 1 1) planes of diamond and the Cu K« radiation 
The crystal was set initially so that the incident plane was a plane of 
symmetry parallel to a (1 10) plane In this position the * streamers * and the 
subsidiary spots are symmetrical about the horizontal line joining the direct 
spot and the Laue spot (Figs la, b, c, Plate XXX) Other settings of the 
crystal were tried for which the plane of incidence was inclined to the sym- 
metry plane. The two ‘streamers' and the two subsidiary spots accompany- 
ing the main dynamic reflection are found to be dissimilar in intensity and 
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unsymmetric with respect to the line joining the direct spot and the Lane 
spot Even the primary Raman reflection lies outside this line in these cases; 
but this IS clearly detectable only when the reflection is sufficiently away from 
the Laue spot and then the subsidiary phenomena become extremely weak. 

The question whether the subsidiary phenomena separate from the primary 
quantum reflection as the glancing angle of incidence 0, is gradually decreased 
from the Bragg value was studied It was found that the region of maximum 
intensity along the ‘ streamer ’ gradually shifted away from the strong Raman 
reflection, thereby showing that the streamer was a specular reflection very 
much elongated by the divergence of the beam and the obliquity of the corres- 
ponding phase vector to the surface of the sphere of reflection However, 
whether there is a bridge connecting this region of maximum intensity to the 
mam Raman reflection or not can be settled only by the use of very fine 
beams having the divergence of only a few minutes of arc 

3. Explanation of the Phenomena 

The direction of the Raman reflection is found with the help of the 
* sphere of reflection ’ The direction of incidence is represented by^OI = 
1/A and the vector IC represents the reciprocal lattice vector 1/d When C is 



on the sphere of reflection, the Bragg reflection is observed No classical 
reflection is possible when C is either inside or outside the surface of the 
sphere of reflection Ct), Ct 2 and Cts rqiresent the directions oS the reci- 
procal vectors of the phase wave-lengths of the lattice oscillations excited by 
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the incident X-rays, and respectively parallel to the three cube edges of the 
unit cell of diamond These phase-waves combine with the static lattice 
spacings and give rise to dynamic stratifications which produce the Raman 
reflections whenever the reciprocal vectors of these resultant spacings fall 
on the surface of the sphere of reflection 

If the plane of incidence is a symmetry plane, Cr, is in the plane of inci- 
dence and the Raman reflection lies in the same plane as the classical reflec- 
tion The quantum reflections caused by the two vectors Ct^ and Ctj are 
symmetric with respect to this plane When C is outside the sphere, i e , 
0 Cti and Ctj make only small angles with the surface of the sphere of 
reflection and they give rise to very elongated spots, which appear as ‘ strea- 
mers ’ due to the finite divergence of the beam (Fig 2a, Plate XXX) On the 
other hand when the end C of the reciprocal lattice vector is within the sphere 
of reflection, te , 0> 0^, the vectors Ctj and Ct, meet the sphere at larger 
angles and give rise to two quantum reflections, which arc drawn out into 
two elliptic spots (Fig 2 c, Plate XXX) by the divergence of the beam 

In a previous paper^ by one of us a quantitative formula was 
derived for the distance of the subsidiary spot from the main Raman reflec- 
tion in terms of the distance between the Laue spot and the Raman reflection, 
for the symmetrical setting It is approximately 

0-68 cosec (35“16'- $) 

Actual measurements for two different settings of the crystal giving the sub- 
sidiary spots are given below — 

Plate distance — 4 35 ems 


Glancing angle of 
incidence 

Distance between Laue 
spot and Raman spot 

Distance between the primary Raman spot 
and a subsidiary spot 

Experimental 

Theoretical 

22" 24' 

23- 28' 

1 2 mm 

2 8 mm 

3 5 mm 

7 ram 

3 7inm 

9 3 mm. 


However, when the plane of incidence is not a symmetry plane, Crg is 
not in the plane of incidence and Cr^ and Cr, are no longer symmetric with 
respect to the plane of the classical or Laue reflection Hence in both the 
cases 0> and 6< 0^, the subsidiary spots and the ‘streamers’ are unsym- 
metrical, and the difference in the lengths of the reciprocal vectors Cti and 
Ctb give different intensities for these reflections, as actually observed. 
Figs 2d, eand / in Plate XXX' show the ’steamers’ and the subsldiaiy 
spots when the plane of incidence makes 10° with the ^mmetiy plane. 

Ase r 
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The inclination of the vectors Ctj and Ct, to the surface of the sphere 
being small (only about 13°), a rotation of the whole configuration through 
10° with IC as axis would make one of these vectors leave the surface of the 
sphere Hence, only one of the ‘ streamers ’ would be left behind and this 
would extend both ways if the setting is the correct Bragg setting 

The existence of these triple quantum reflections suggests that the three 
sets of phase-waves are not capable of combination among themselves, thus 
showing that the lattice oscillations are incoherent when they difler in phase- 
wave-lengths Otherwise, we would have phase-waves of all possible orien- 
tations thus destroying the specular character of the quantum reflections 
However, the quantum reflections are distinctly separate only when the crystal 
setting is off the Bragg setting by the divergence of the incident beam or more 
The phase-wave-length corresponding to the quantum reflection in this posi- 
tion IS nearly ISOAU or less. For nearer settings, the operative ]^iwe- 
wave-lengths are much greater, but due to the divergence of the beam we Bte 
not in a position to settle whether the corresponding lattice oscillations are 
coherent or not 

The question of coherence or incoherence of the lattice oscillations of 
different phase-wave-lengths in the direction of the three cube-edges of 
diamond, was tested out experimentally in light scattering by Nayar * A 
crystal of diamond was illumined by a narrow parallel pencil of light inci- 
dent at the correct angle so that the phase-waves parallel to a cube face 
may reflect the light with altered frequency The scattered light was observed 
speetrographically in the proper direction of reflection and in directions up- 
to 20° on either side of it He found that the Raman line exhibited the same 
intensity in all these directions The facts about light scattermg indicate there- 
fore, that lattice oscillations of phase wave-lengths of 2000 A U or more 
are coherent and that they combine to give phase waves of all possible orien- 
tations In the X-ray field this means a change in the glancing angle of only 
a few minutes of arc from the correct Bragg setting Hence the problem of 
coherence in diamond of the lattice oscillations for different phase-wave- 
lengths can be settled only by observing the subsidiary phenomena with 
X-ray beams having a divergence of 5 minutes of arc or less. 

4 Remarks on the Influence of Mosaic Structure in Diamond 

The X-ray experiments and the spectroscopic investigations in this labo- 
ratory have all been conducted with the ordmary type of diamond. The 
theoretical investigations have also been carried out only for the perfect 
crystals The studies of Julius, Angstrom and Remkober* have shown the 
existence of a second variety of diamond which, unlike the ordinary variety, 
is transparent to the mfra-red radiations in the neighbourhood of 8fi. 
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Robertson, Fox and Martin^ have made extensive investigations on the 
various properties of this type of diamond and have come to the conclusion 
that It possesses a definite mosaic structure A specimen of this type has 
been recently procured in this laboratory, but no X-ray studies have been 
conducted with it as yet While this paper was going to press, a note in 
Nature by Lonsdale and Smith* has reached India where it is stated that 
this rare type of diamond does not exhibit the subsidiary phenomena 
forming the subject of the present paper, and also indicating that the ordinary 
or Bragg X-ray reflections given by it are stronger It is shown below that 
the mosaic structure readily explains these facts 

Robertson, Fox and Martin have remarked that the second type of 
diamond gives a higher value for the ratio of the intensity of the (111) reflec- 
tion to that of the (222) reflection than the ordinary type and have put this 
forward as an evidence of its mosaic structure In a paper’' appearing in 
this issue of the Proceedings, one of us has shown that the (222) reflections 
can be explained quantitatively as Raman reflections produced by the lattice 
oscillations of infinite phase-wave-length produced in the crystal In a rota- 
tion or oscillation method, the (1 1 1) planes of a mosaic crystal would give the 
reflection over a greater angular range so that its intensity would be more 
than that for the normal type On the other hand, the (222) quantum reflec- 
tion would be much weaker as the size of the mosaic would effectively prevent 
the co-operation between the neighbouring parts of the crystal required for 
such a weak reflection to manifest itself Hence it is not surprising that the 
ratio of the intensity of the (1 1 1) to the (222) reflection is large for the second 
type of diamond 

In another paper* appearing in this issue, one of us has pointed out the 
great rapidity with which the intensity of the Raman reflection fails off 
with decrease in the phase-wave-length of the lattice oscillations It means 
therefore, that even for a perfect crystal the structure amplitudes for these 
subsidiary reflections are extremely small, so that very large numbers of 
regular co-operating planes are needed to produce an appreciable intensity 
of the subsidiary reflections In a mosaic crystal, the lack of co-operation 
between different mosaic blocks would therefore reduce the intensity of the 
subsidiary reflection to a small fraction of the value for the perfect crystal 
Hence it is but natural that the subsidiary phenomena, weak even with a 
perfect crystal, cease to be observable with the rarer type of diamond whose 
mosaic structure is an accepted fact. 

Lonsdale and Smith have also observed that the Raman reflections are 
absent, (a) along the (001) axis for the (220) and (113) dynamic planes, (b) 
along the (010) axis for the (202) and (131) planes, and (c) along the (100) 
axis for the (022) and (311) planes This fits in beautifully with the concept 
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of phase wave-normals along the three cube edges, in which case the observed 
inactive directions are exactly tangential to the surface of the sphere of reflec- 
tion when the plane of incidencce is a symmetry plane In this setting the 
other two phase vectors cut the sphere of reflection in the plane of incidence. 

The authors wish to record their deep sense of gratitude to Sir C V. 
Raman, Kt , f R.s , for his kind and helpful guidance in the course of this 
work. 

5 Summary 

The existence of three sets of phase waves of the lattice oscillations m 
diamond is shown to give rise to three quantum or Raman reflections trom 
the (111) planes Two of these reflections form very elongated spots which 
appear as streamers, due to the divergence of the beam and the obliquity of the 
corresponding reciprocal phase vectors, when the glancing angle of incidence 9 
IS smaller than the Bragg angle 0^ These reflections appear as discnite, 
subsidiary spots when 9 > The behaviour of these reflections with res- ' 
pect to intensity and orientation, when the plane of incidence of the classical 
reflection is (1) parallel to, and (2) inclined to, a (110) symmetry plane of 
the crystal, is described and accounted for The question as to the coherence 
of the lattice oscillations of differing phase-wave-lengths has been ocamined, 
and it IS shown that all oscillations of phase-wave-lengths of the order of a 
thousand lattice spacings or more are coherent, while those with phase- 
wave-lengths of the order of a hundred lattice spacings or less are definitely in- 
coherent. But the exact stages at which the incoherence sets in is still un- 
settled. The differences in the behaviour of the various planes in the normal 
type of diamond towards the subsidiary spots and * streamers ’ and the 
absence of the subsidmry phenomena in the rare type, both observed by 
Lonsdale and Smith, have been accounted for The larger value of the ratio 
of the intensity of the (1 1 1) to the (222) reflection as recorded by Robertson, 
Fox and Martin for the type 11 diamond is explained on the basis of its 
mosaic structure 
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1 Introduction 

Early m the history of the study of X-ray diffraction in crystals following 
Laue’s discovery of 191 2, it was realised that the disturbing effect of the 
thermal agitation on the X-ray phenomena was a matter of considerable 
importance About the same time, the theory of the specific heat of solids 
due to Debye m which the thermal energy of crystalline solids was identified 
with that of the elastic vibrations in them was coming into general favour 
It was therefore natural that the considerations of the temperature effect 
in X-ray diffraction should be based on the same hypothesis In fact, the 
first attempt in this direction was made by Debye himself, and the further 
improvements of the theory both by Debye and by later workers in the field 
rested on his basic concepts. Even in the specific heat theory of that time, 
however, it was recognised that the thermal energy of crystals which were 
not of the simplest chemical composition included what were called “Einstein” 
terms arising from modes of molecular vibration with specific frequencies 
That these vibrations had any part to play m the X-ray phenomena does 
not however, appear to have been realised either by the experimenters or by 
the theorists The great importance of the Einstein vibrations in X-ray 
physics, and the striking and distinctive phenomena to which they give rise, 
were first pointed out by Sir C. V Raman and Dr P. Nijakantan 
in their article in Current Science for Apnl 1940 The study of these pheno- 
mena, in fact, has opened up a new approach to the problems of the solid 
state, The importance of the Einstem or characteristic frequencies of the 
crystal lattice is particularly evident in considering the X-ray behaviour of 
organic crystals. Taking for instance the case of benzil, it is known (Allen, 
1927 and Baneijee and Sinha, 1937), that the hexagonal lattice of diis 
crystal contains 3 molecules per unit cell. Even ignoring the numerous 
possible “ mternal “ modes of their vibration, we have still to consider no 
fewer than 18 degrees of freedom of molecular movement, of which no less 
than IS are necessarily represented by specific frequencies of vibration; the 
remaining three degrees of freedom alone of translatory movements of the 
lattice cell are the maximum number wtdch can possibly be asugned to “elastic 
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vibrations ” of the Debye type. It is thus evident that, in organic crystals, 
the Einstein vibrations of the lattice involving hindered rotations or transla- 
tions of the molecules are of far greater importance than any possible vibra- 
tions of the elastic solid type 

In the three preceding papers of this senes. Dr C S Venkateswaran 
has considered repcctively the cases of naphthalene, benzophenone and 
hexamethylene-tetramine His work has proved conclusively that the 
situation IS as described in the preceding paragraph In the two crystals of the 
aromatic class dealt with by him, the very striking result emerged that the 
lattice planes which are parallel or nearly parallel to the planes of the aromatic 
rings give Raman reflections of marked intensity, while those perpendicular 
or nearly perpendicular to them are, by comparison, practically inactive in 
this respect In fact, a striking disproportion was evident in the relative 
intensities of the classical and quantum reflections by the crystal planes diff- 
erently situated with respect to the planes of the aromatic rings Dr Venka- 
teswaran has remarked that these results find a simple explanation m the 
nature of the molecular oscillations which vary the structure amplitudes of 
the crystal planes The hindered rotations and translations of the molecules 
as well as the deformational oscillations of low frequency would almost 
exclusively vary the structure amplitudes of the planes parallel to the aromatic 
rings, leaving unaffected those nearly perpendicular to them 

The fact that benzil is very similar in chemical composition to benzo- 
phenone, the former being diphenyldiketone and the latter diphenylketone, 
made it desirable to include this substance in the present senes of investi- 
gations It may be mentioned in this connection that a few photographs 
obtained with benzil were reproduced with a note in Nature (1940) published 
by four workers of the Royal Institution m London 

2 Crystal Structure of Benzil 

Benzil belongs to the same crystal type as a-quartz, and has, in fact, an 
optical rotatory power stronger than that of quartz along the hexagonal 
axis As already mentioned, the unit cell contains three molecules. 
The dimensions of the cell are ao=8 IS AU and Co— 13 46 A. U. and 
the X-ray evidence indicates that the three molecules are arranged in equi- 
valent positions within the cell about the threefold screw axis Knshnan, 
Guha and Banerjee have studied the diamagnetic behaviour of the crystal 
and found that the gram-molecular susceptibility along the trigonal axis is x* 
- 80 0 X 10* e.m units and that perpendicular to the trigonal axis is 
-12S 6 X 10* e.m units The crystal shows a noticeable birefringence, 

1 6588, and e =3 1 6783 (Groth, Ckemische Krystallographte) for the sodium 
line. Suggestions regarding the molecular structure and the molecular 
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orientation in benzil were made by Banerjee and Sinha (he at.), but these 
conclusions have been disputed by Lonsdale and Knaggs (1939) in a brief 
note No definite conclusions regarding the structure of benzil appear, 
however, to have been published by these latter authors 

3 Expertmental Arrangements 

Benzil is usually crystallised from ether Due to the rapid evaporation 
of ether, most of the crystals are often found to be of disproportionate growth, 
forming a cluster In the present work, the crystals were grown out of a 
solution of the substance in alcohol diluted with an equal volume of water 
, The smaller solubility of the substance in alcohol, assisted by the slew evapo- 
ration of the liquid facilitates a good growth of crystals suitable for X-ray 
work The crystals were yellow hexagonal prismatic needles, approximately 
i mm in diameter The source of X-rays was a Siefert ‘ Spcktro-Analyt ’ 
tube of the non-demountable type, with a copper anticathode, run at 4ICC0 
volts, and 10 m a A fine beam of X-rays collimated by means of a lead slit 
1 mm in diameter and 9 cm deep was incident on the crystal which was 
mounted on a goniometer with its trigonal axis nearly vertical Initially one 
of the external prism planes of the crystal was normal to the X-ray beam, this 
having been judged by the optical reflection from that face The crystal was 
turned through an angle of about 20° from this position about the vertical 
axis of the goniometer, which was adjusted to coincide with the triad axis 
of the crystal The plane giving an intense Raman reflection along the hori- 
zontal was found to be the 2100 plane, and a series of pictures was then 
taken up to a limit of about 4° on either side of this setting In these extreme 
positions, exposures varying from about 2 to 2i hours were required 

For another series of pictures, the crystal was mounted in such a way 
that the X-ray beam passed along the trigonal axis By suitable manipula- 
tion of the crystal this way or that about the goniometer axis, and aided by 
a number of trial pictures, the exact direction of the beam along the trigonal 
axis was secured In this position, exposures varying from 2 to 3 hours 
were found necessary to secure a well-exposed pattern 

4. Description of the Experimental Results 

Only two of the typical photographs obtained have been reprodveed, 
although a number of others in different settings of the crystal have been 
taken. Fig 1 a in Plate XXXI represents a symmetric Laue photograph with 
the X-rays passing along the trigonal axis of the crystal, while Fig 1 b repre- 
sents one with the X-rays perpendicular to the trigonal axis Both photo- 
graphs reveal some very interesting features. It will be observed from Fig 1 a, 
that the Laue pattern exhibits hexagonal symmetry with respect to the 
positions of the spots The intensities, however, exhibit only a trigonal 
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symmetry, alternate sectors showing noticeable differences in the intensSty 
of the spots. This feature is particularly striking in the Raman pattern of six 
spots at the corners of a regular hexagon ; the alternate spots are of the same 
intensity, but differ greatly from the intervening ones in this respect Though 
no quantitative measurements of intensity have been made, it is fairly clear 
that these differences are much greater than those of the corresponding Laue 
spots forming a hexagonal pattern It is also noticed that streamers emerge 
from the primary Raman spot, proceeding approximately parallel to the adja- 
cent sides of the hexagon, a noteworthy feature being that these alternately 
point in opposite directions The three pairs of spots showing the intense 
Raman reflections have been identified as belonging to the form (2201).* 
Lying on the same radial lines as these and forming an outer hexagon are the 
spots of the form (3702) which have however much less intensity In two 
of them the Raman K« spots are just visible beyond the Laue position, two 
of the other spots of this group coinciding with the Bragg reflection Here 
again in the neighbouring Raman spots, the intensities appear to differ 

Equally remarkable are the features seen in Fig 1 b, obtained as has 
already been mentioned with the direction of the X-ray beam normal to the 
trigonal axis of the crystal. There are two groups of Laue spots lying along 
two ellipses These are accompanied by two groups of Raman spots lying 
on vertical lines in the photograph The group to the left of the picture is 
much more intense than the group to the right, while in each group, the spots 
differ notably in intensity among themselves, the order of relative intensities 
IS exactly reversed on the two sides of the picture The zone to which the 
more intense Raman spots belong has been identified to be the (110) zone, 
while the other is the (ITO) zone On the left, the central Raman spot 
lying along the horizontal has the index 2700, the one immediately above and 
below belong to the 2701 planes, and the one further up that of the 2302 
plane On the other zone the corresponding spots which appear belong 
respectively to the 2110, ~3111 and ~3112 planes. Of all the Raman spots 
seen, by far the most intense is that given by the 2301 plane It is thus 
exactly the same set of planes which give the intense reflections seen m 
Fig. 1 a, 

5. Discussion of the Results 

Bearing m mind what has been said already in tiie introduction, it is clenr 
that the only possible explanation for the results indicated is that the ^ane 
of the aromatic nngs in the benzll crystal lie in or very close to the alternate 
planes of the form (2!K)1). It is readily seen that this explains every one 
of the features indicated above. The angle between the tnad axis of the 
crystal and the (2301) plane is by calculation 14** 6'. It is thus evklent that the 
plane of the aromatic rings in the crystal are inclmed to the triad axis at an 
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angle about the same as that stated above. The inclination of the plane of 
the aromatic rings thus directly inferred from the X-ray photographs, agrees 
closely with the angle 13“ calculated by Banerjee and Sinha from the magnetic 
measurements of Krishnan, Guha and Banerjee It should be remembered 
that the X-ray method is definitely superior to the magnetic method as it 
indicates both the azimuth and the orientation of the planes and not merely 
the latter 

The explanation of the configuration of the Streamers accompanying the 
Raman reflections is fairly simple. By symmetry, the phase waves of the 
lattice must be along the three planes inclined at 120° to each other and 
passing through the triad axis of the crystal, these planes being perpendicular 
to the longer axis of the benzil molecules The directions of the streamers 
as observed conform to this situation 

My sincere thanks are due to Prof Sir C V Raman, Kt , F a s , n L , 
for his invaluable help and inspiring guidance throughout the course of this 
investigation 

6 Summon 

In a series of well-exposed Laue diagrams of benzil taken with a pencil 
of Cu X-radiation along the trigonal axis, three alternate planes of the 
form (22bl) are found to give intense Raman reflections, the alternate planes 
of the same form being much less active in this respect A similar feature is 
also observed in photographs taken with the beam transverse to the trigonal 
axis The facts And a very simple explanation when it is assumed that the 
three molecules of benzil in the unit cell lying in equivalent positions along 
the threefold screw axis, have the planes of their aromatic rings practically 
coinciding with the planes mentioned The inclination of 14° of the aromatic 
planes thus inferred from the X-ray results is in close agreement with the 
angle of 13° deduced from the diamagnetic susceptibilities of the crystal 
The X-ray method is however obviously superior as it gives both the azimuth 
and orientation of the aromatic rings 
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7. Introduction 

Calcite is usually regarded as a crystal suitable for precision X-ray research, 
the intensity of the reflections given by it being much nearer those calculated 
for an ideal crystal than for instance in the case of rock-salt Calcite should 
therefore be particularly well-suited for quantitative studies of the type of 
X-ray reflection which involves a change of frequency and is analogous to 
the well-known Raman effect m crystals A strongly exposed Laue photo- 
graph showing numerous such reflections by the crystal planes of calcite 
was reproduced with a letter by Sir C V Raman and Dr P Nilakantan 
under date the 18th of August 1940 which was published in the issue of Nature 
dated the 19th October 1940 Attention was there drawn to the appearance 
in the photograph simultaneously of the quantum reflections of the first, 
second and third orders by the cleavage planes of calcite, as well as the well- 
defined character of the quantum reflections In the present paper, some 
further observations on the subject are described and additional photographs 
are reproduced. 

The explanation of the appearance of X-ray reflections with altered 
frequency is, broadly, that the encounter between the X-ray quantum and 
the crystal lattice results in the infra-red vibrations of the latter being excited, 
the incident quantum going off with diminished energy in a direction deter- 
mined by one or other of the different sets of lattice planes in the crystal 
The possibility of such a process and the experimental evidence that it actually 
occurs in the case of the (111) planes of diamond was indicated by Sir C V 
Raman and Dr P Nilakantan m an article in Current Science for April 
1940 In view of the universality of the phenomenon and its great significance 
in crystal physics, it would appear desirable to present some considerations 
of an elementary character which may help to elucidate these new ideas. 

Regarding a crystal as a pattern in space of atoms, molecules or ions 
grouped together in an orderly fashion, we notice that thb essential feature 
of It IS the repetitive or periodic character of such arrangement It is this 
periodicity which gives us the regularly spaced layers of atoms capable of 
giving monochromatic X-ray reflections of the usual kind when the rays are 
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incident on them at an appropriate angle The concept of a crystal as a purely 
static ordering of atoms is, however, untenable since such static arrangement 
can be disturbed in a variety of ways, in particular, by the incidence of the 
radiation itself, as actually happens in the Raman effect with visible light. It 
is necessary, in fact, to consider the various possible modes of vibration of 
the regular assemblage of atoms which we call a crystal For such a vibra- 
tion to possess a frequency which can be specified with perfect mathe- 
matical rigour, the disturbance should be completely periodic both in space 
and time, in other words, the ions, atoms or molecules should vibrate in 
identically the same way, with the same frequency, amplitude and phase in 
all the lattice cells of the crystal During such a vibration, the crystal does 
not lose Its character as a space-periodic grouping of the atoms, but becomes 
in addition a time-periodic structure It is vibrations of this type which are 
characteristic of the crystalline state and which appear as sharply-defined 
lines in the Raman spectra 

Applying now the same electrodynamic principles as those by which 
Laue derived his well-known conditons for the observation of X-ray diffrac- 
tion in crysals, we see that the secondary radiations from the atoms in a 
crystal executing monochromatic vibrations automatically divide themselves 
into three groups, those of the original or undisturbed primary X-ray fre- 
quency V and two others having frequencies v ± v*, where v* is the frequency 
of the atomic vibration Since v* is a strictly monochromatic frequency, 
the radiations from the atoms in the different lattice cells having a frequency 
or V— V* should be capable of interfering with each other and therefore 
also of giving di^raction patterns having these radiation frequencies in the 
same way as the radiations of unmodified frequency v The situation, it will 
be notic^, is closely analogous to that arising in the Raman effect It should 
be emphasised that such X-ray reflections with altered frequency are possible 
only when the atoms in all the lattice cells vibrate in identically the same 
fashion, in other words, with vibrations having the characteristic crystal 
frequencies. The position is entirely different in regard to the ordinary or 
elastic vibrations of the lattice These have a continuous spectrum of fre- 
quencies and merely disturb the regularity of the crystal structure They 
give rise to a weak X-ray scattering which should be unobservable except 
when relatively large volumes of the crystal are operative The introduction 
of quantum-theoretical ideas in dealing with either type of effect becomes 
inevitable in view of the change of frequency, exactly as in the case of the 
Raman effect The alteration of frequency means an exchange of energy be- 
tween the X-ray quantum and the crystal, and this can only occur in one direc- 
tion or in the other, but not in both directions sunultaneously Accordingly, 
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we would m general have at low temperatures only the rdlections of diminished 
frequency, v— v*, reflections of increased frequency v+ v* being however 
possible at higher temperatures. 

2 Crystal Structure and Lattice Spectrum of Calcite 

As IS well known, calcite crystallises in the rhombohedral division of the 
hexagonal system The distribution of the Ca and COj ions around each 
other as indicated by the X-ray analysis is very similar to that of the Na and Cl 
ions in the rock-salt lattice. The calcite lattice may, in fact, be described as a 
distorted rock-salt structure, the distortion arising from the fact that the oblate 
COj group replaces the spherically symmetrical Cl ion in it The Ca and CO, 
ions lie alternately along lines parallel to the trigonal axis of the crystal 

The various modes of vibration with specific frequencies of which the 
calcite structure is capable may be divided into three groups . (a) internal 
vibrations of the CO 3 groups, (b) rotational oscillations of the CO, groups 
about axes respectively parallel and perpendicular to the trigonal axis and 
(c) translatory vibrations of the Ca and CO3 10 ns relative to each other So 
far as the X-ray problem is concerned, vibrations of the class (a) may be left 
out of consideration in viewof their high frequency and relatively small effect 
on the structure amplitudes of the crystal planes We are therefore 
principally concerned with vibrations of the classes (b) and (r) Here again, 
except With reference to certain special planes in the crystal, it may be assumed 
that the vibrations of the class (c), namely, movements of the Ca and CO, 
ions relative to each other are the more important, as they would influence 
the structure amplitudes of the lattice planes strongly Such vibrations 
may be divided into two sub-classes, namely, those in which the movements 
of the Ca and CO 3 groups are predominately parallel to the trigonal axis, and 
those in which the movements are perpendicular to it Vibrations of the 
first sub-class would influence the lattice planes normal or nearly normal to 
the trigonal axis, while those of the second sub-class would leave 
unaffected ‘The position would be reversed with regard to crystal planes 
which are nearly parallel to the trigonal axis. 

Raman effect investigations show that calcite has two low-frequency 
vibrations having wave-number shifts of 156 and 283 respectively The 
latter is almost certainly a rotational oscillation of the COa group about a 
line perpendicular to the triad axis In the long-wave region of the infra-red 
spectrum, Liebisch and Rubens observed reflection maxima at 106, 330 and 
357 wave-numbers, the second of these appearing only in the ordinary ray. 
It must be assumed that there are in addition, other modes of vibration which 
are inactive both in infra-red absorption or reflection and in the Raman effect 
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The existing theoretical investigations of the vibrations of the calcite lattice 
concern themselves with the unit-cell containing two Ca COs groups It is 
not yet clear whether these give a really satisfactory explanation of the 
observed spectroscopic behaviour of calcite 

3 Specular Character of Raman Reflections 

Figs la and b in Plate XXXIl reproduce two X-ray diffraction photo- 
graphs obtained using copper radiations and a needle-shaped crystal of 
calcite bathed by the X-ray pencil The needle was prepared by dissolving 
out a cleaved rod of calcite in dilute hydrochloric acid until it was thin enough, 
thus avoiding all possibility of spurious effects due to distortion of the crystal 
or formation of disturbed surface layers The needle is seen as a dark 
shadow crossing the direct X-ray beam The Laue and the Raman reflec- 
tions by the (21 1) planes of the crystal arc seen side by side, the former in 
two different positions corresponding to the two different settings of the 
crystal, while the latter appears in the two pictures as a narrow streak m 
directions making nearly the same angle in both cases (14° 44' and 14° 47') 
with the direction of the incident rays The dynamic spacing calculated 
from these angles is practically identical with the known static spacing of the 
(211) planes of calcite, namely 3 03 A U 

Figs 3a, b, c and d in Plate XXXIII reproduce a senes of four Laue 
photographs obtained with a thin and perfectly flawless cleavage plate of 
calcite The X-rays from a molybdenum target tube run at 45000 peak 
voltage and 12 milliamperes were employed, the beam emerging from a 
cylindrical pin-hole 93 millimetres deep and 1 6 millimetres diameter The 
plate to film distance was 5 centimetres In Fig 3c, the X-ray beam was 
nearly normal to the cleavage face of the crystal, while in Figs 36 and 3</, the 
beam made angles of 7° 14' and 5° 16' respectively with the normal 
to the surface In Fig 3a, the X-ray beam grazed a set of lattice planes 
within the crystal parallel to an external surface of cleavage The photo- 
graphs being well-exposed, they exhibit, besides the usual Laue reflections 
a great number of quantum reflections by the lattice planes of the crystal 
which may be readily identifled from the angular positions of the spots with 
reference to the direct X-ray beam 

Though the Raman reflections as recorded in the photographs do not 
appear so sharply defined as the Laue spots, it should not be supposed that 
this is due primarily to any inherent diffuseness in the reflections This is 
clearly indicated by Figs 1 a and b where their hnear width as recorded on 
the plates appears actually less than that of the more strongly exposed Laue 
reflections. As explained by Mr. Rama Pisharoty in the July 1941 issue of 
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these Proceedings, very striking differences in the appearance of the Laue 
and the Raman reflections arise as the result of several factors, namely (o) 
the finite lateral extension of the X-ray beam, its angular divergence and the 
variation of its intensity within the cross-section of the beam, (ft) the diff- 
erence in the nature of the reflection, viz , white and monochromatic respec- 
tively, as also the difference in their relative intensities and the geometric laws 
which they obey, and (r) the finite thickness of the crystal employed The 
X-ray beam employed in obtaining Laue photographs has usually a consider- 
able angular divergence, being in the present experiments nearly 2 degrees 
of angle Fig 4 in the text illustrates the effect of the arrangement employed 
to restrict the divergence of the beam on the distribution of intensity inside it 
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It IS evident from the figure that there would be an intense central part 
in the emerging beam having a diameter slightly larger than that of the pin- 
hole and a less intense peripheral part, these we may designate as the umbra 
and penumbra respectively The reflection of the intense central cone of 
rays would naturally be the first to be recorded, while the reflection of the 
penumbral rays would follow later Accordmgly, unless the exposures are 
sufficiently prolonged, a certain lack of sharpness in the boundary of the 
reflection is inevitable A similar lack of definition at the edges would also 
result from the finite thickness of the plate, as illustrated in Fig S This 
again would be much more obvious in recording a weak reflection photo- 
graphically than a strong one. 
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It should not, however, be inferred from the foregoing remarks that the 
Raman reflections of calcite are geometrically as sharp as those of the (111) 
planes in diamond Indeed, it is obvious that there is a great difierence in 
the behaviour of various crystals in this respect The reflections of calcite, 
for instance, are definitely superior in definition to those of sodium nitrate 
which has a very similar crystal structure It is evident that one of the factors 
which make for sharpness of the reflections is the rigidity of the bmdings 
in the crystal This is indicated by the fact that the frequencies of the similar 
modes of lattice vibrations are much higher for calcite than for sodium 
nitrate 

4 Geometry and Intensity of Raman Reflections 

As already mentioned above, the particular crystal planes which give 
the quantum reflections are in most cases readily identified For this 
purpose, we mea«ure the angular distance of the spots from the direction of 
the central beam and hence calculate the dynamic spacing responsible for the 
reflection , this is then compared with the known list of the static spacings 
ot the crystal giving an appreciable intensity of reflection The disagreements 
are never large If there be any doubt, this can be resolved by analysing the 
Laue diagram and identifying the planes giving associated Laue reflections. 
A fairly complete analysis of all the Raman reflections seen in Fig 3 c which 
refers to the case in which the crystal is set with its cleavage face normal 
to the X>ray beam is exhibited geometncally in Fig 6 
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Comparing Fig 3 c with Figs 3 h and 3 d, it will be seen that though the 
Laue patterns themselves are completely different, the Raman reflection 
patterns show only changes of intensity and no noticeable changes in the 
position of the spots 

Table 1 gives a detailed list of all the crystal spacings in calcite which 
have been identifled from the Laue photographs as giving quantum reflec- 
tions The table has been put in to emphasise the fact that numerous crystal 
planes give these reflections and that within the rather restricted range of 

Table I 

Raman Reflections in Calcite 


Miller 

Glancing 

Glancing 

Dynamic 

1 

Static 

Intensity 

Indices 

angle 0 

angle ^ 

spacing 
in AIJ 

spacing 
in AU. 

) 

estimate 

112 

r r 

10“ 18' 

2 99 

3 03 

10 

9° 52' 

3” 27' 

3 04 

3 03 

10 


14° 39' 

-1” 14' 

3 06 

3 03 

3 

224 

r 52' 

19” 8' 

1 52 

I 52 

2 

14** 39' 

12" 11' 

1 53 

1 52 

6 

336 

18° 30' 

19° 23' 

12” 28' 

1*01 

1 01 

4 

II” 53' 

1 01 

1 01 


200 

12” 19' 

6” 53' 

2 12 

2 09 

5 

13° 3' 

6” 9' 

2 12 


5 


V 8' 

12” 8' 

2 12 


5 


6° 16' 

13” 7' 

2*11 


4 

400 

18* 59' 

20” 36' 

1 05 

1 045 

6 

17” 29' 

21” 52' 

103 


4 

012 

10” 27' 

7” 24' 

2 29 

2 28 

2 

10” 14' 

II” 23' 

10” 58' 

6” 24' 

6” 45' 

2 32 


2 


2 25 


0*5 


7” 2' 

2 27 


024 

16” 26' 

19” 20' 

1 15 

1 14 

4 

16” 13' 

17” 54' 

17” 50' 

19” 57' 

1 14 

* 

4 


18” 30' 

M4 


S 


18” 26' 

1 14 


5 

T|2 

14” 54' ! 

10” 18' 

1 62 

1 60 

2 

13“ 58' ! 

11” 8' 

1 63 I 

1 60 

3 


15” 17' 1 

9” 43' 

1*64 


2 


15” ir 


1 62 


2 


14" 40' 

10” 38' 

9” 26' 

1 62 


2 


15” 34' 

1 64 

• 

2 

323 

12” 49' 

8” 41' 

1 90 

i 91 

10 

19” 3' 

« 

1*94 


4 

202 

12” 37' 

8" 41' 

1*92 

1*93 

4 

17” 53' 


1 97 

• • 
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2 
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4 
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1*49 


1 

301 

n“ 58' 

I 12“ 54' 

1 53 

1 52 
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14“ 4' 

1 42' 

1 53 
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settings of the crystal employed, the dynamic spacings do not diverge notice- 
ably from the static values Only in a few cases, however, are the settings 
sufficiently varied to enable any conclusions to be drawn about the value of 
the phase-wave inclination, to the crystal planes under study In the case 
of the (112) planes, for instance, there is a distinct progressive change of the 
dynamic spacing with alteration of the crystal setting, indicating that & is 
definitely smaller than 90°. A more detailed investigation, however, would 
be necessary to settle this matter definitely 

A careful study of the Laue patterns shows that the Raman reflections 
do not always lie on the same radial line as the corresponding Laue reflec- 
tions. A distinct lateral shift or azimuth effect is detectable in a number of 
cases The streaks due to the white radiations are also in certain cases not 
radial Only when the plane of incidence coincides with a crystallographic 
plane of symmetry that it can be definitely said that there is no lateral shift 
or azimuth effect Usually, however, the Laue and Raman reflections are 
too near each other and the size of the spots too large to arrive at any definite 
conclusions. The fact that the azimuth effect is observable at least in certain 
cases indicates that the phase waves in calcite, as m diamond, have an orien- 
tation and an azimuth standing in definite relation to the crystal structure. 












It may also be mentioned in passmg that a careful gnalyns of die four 
Laue patterns reproduced as Fig. 3 revealed the presence of a few diffuse 
spots in each case whose origin could not be definitely identified. 

The intensities shown in the last column of Table 1 are of course, only 
relative, and vary with the setting They are, however, of some interest in 
relation to the question as to the relative intensity of the Bragg and Raman 
refiections by the individual planes Theory indicates that there is not neces* 
sarily a proportionality between the static and dynamic structure amplitudes 
of a set of lattice planes, the latter depending on the particular modes of 
vibration responsible for the dynamic reflection While broadly it may be said 
that the planes which give strong Bragg reflections, e g , the cleavage planes, 
also give strong Raman reflections, there are evidently exceptions to this rule. 
In particular, the (556) planes which are nearly normal to the trigonal axis 
of calcite give Raman reflections which are remarkably strong considering 
their relatively small static structure amplitude It should be remarked in 
this connection that serveral of the possible lattice vibrations in calcite involve 
movements of the Ca and COg ions along the trigonal axis, and hence should 
give marked variations of the structure amplitudes of planes normal to it 
A fuller study of this point would obviously be of great interest. 

Figs 2a and b in Plate XXXII illustrate the effect of rising temperature 
on the relative intensity of the classical and quantum reflections m calcite. 
The two types of reflection exhibit a reciprocity of behaviour, a marked 
diminution of intensity in the classical reflection with nse of temperature 
being accompanied by a marked increase of intensity of the quantum reflec- 
tions It IS noteworthy that the (210) planes of calcite do not exhibit the 
exceptional behaviour observed with the same planes in sodium nitrate 
crystals 

5 Summary 

The paper presents the results of a preliminary study of the X-ray r^ec- 
tions of the second kind observed in calate Numerous planes in this crystal 
exhibit such refiections, the dynamic spacings in most cases varymg but little 
with the setting of the crystal Observations are recorded concerning the 
sharpness of the reflections, their intensity and the mfluence of temperature 
on the same The results are considered in the light of the quantum theory 
of X-ray reflection 
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/ Introduction 

The first great step towards the development of a satisfactory theory of the 
specific heats of solids was taken by Einstein m 1907 when he showed that 
the acceptance of the hypothesis of radiation quanta involves as a necessary 
consequence that the mechanical energy of the vibrations of the atoms in 
a solid must also be regarded as consisting of discrete units or quanta propor- 
tional to the frequency of vibration A quantitative relationship between 
the heat content of a solid and the “ frequency spectrum ” of its internal 
vibrations was thus indicated The evaluation of the thermal energy of a 
solid accordingly depends on a determination of its vibration spectrum, in 
other words, a knowledge oi the frequencies of atomic vibration and of the 
manner in which the available degrees of freedom are distributed amongst 
them This is a problem of some difficulty to the solution of which there 
are two distinct methods of approach The first is the phenomenological 
one, namely that of obtaining the desired information in some independent 
fashion, eg ,hy spectroscopic research The other is the a priori method of 
finding the possible modes of vibration from a knowledge of the crystal 
structure and the forces acting between the atoms by a dynamical investiga- 
tion To the genius of Einstein we owe the first indication of both of these 
methods of approach to the specific heat problem The reconciliation of the 
results obtain^ by the two methods with each other and with the specific 
heat determinations over a wide range of temperatures is obviously of the 
highest importance for a proper understanding of the physics of the solid 
state 

2 Nature of the Thermal Agitation in Crystals 

A crystal is a periodic three-dimensional grouping in space of an immense 
number of atoms, ions or molecules held to each other by the interatomic 
or intermolecular forces The structure being on an exceedingly small scale, 
the number of cells of the crystal lattice included in any volume of macro- 
scopic dimensions is enormously large This fact makes it possible to divide 
the possible modes of thermal agitation in a crystal sharply into two classes. 
The vibrations of the first class are on a relatively large scale and may be des- 
cribed without any reference to the fine structure of the solid These are 
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the elastic vibrations of the crystal, their inodes and frequencies are 
determined by the velocity of propagation of the elastic waves in it and the 
shape and dimensions of the external boundary of the solid The vihrattons 
of the second class are essentially dependent on the fine structure of the crystal 
In view of the tremendous disparity in size between the lattice cells and the 
macroscopic dimensions of the solid, the shape and dimensions of the crystal 
are without influence on vibrations of this kind They may be visualized and 
described as time-periodic variations from the static crystal structure The 
vibrations of the first class involve oscillatory movements of large groups of 
atoms, while those of the second involve displacements in the relative positions 
of neighbouring atoms The frequencies of vibration of the second class 
would therefore be much greater than those of the first The dividing line 
between the two classes of vibration is most appropriately drawn at a fre- 
quency for which the wave-lengths of the elastic vibration are just large 
enough to justify the fine structure of the crystal being ignored 

The division here made of the possible modes of vibration of the crystal 
into two classes corresponds also to a fundamental difference in the character 
of the vibration spectrum m the two regions of frequency Considering the 
elastic vibrations, it is evident that the larger the crystal, the smaller would 
be the frequency differences between the successive possible modes of vibra- 
tion Hence, the elastic vibrations of a crystal of macroscopic dimensions 
give a continuous spectrum of frequencies The position is completely dif- 
ferent in respect of the second class of vibrations Here, as already remarked, 
the size of the crystal is not a relevant factor As the vibrations involve 
periodic variations in the crystal structure, they may be pictured as forming 
dynamic repetition patterns in space related to the crystal structure in some 
simple way The principal modes of vibration would be those in which the 
atomic movements occur in identically the same fashion in every lattice cell 
of the crystal. Less important, but nevertheless requiring consideration are 
periodic movements of a more general kind, viz , oscillations which have 
identically the same form in the cells of a superlattice which is a repetition 
on a larger scale of the static crystal structure, the spacings being an integral 
multiple thereof. All such vibrations would have uniquely defined frequen- 
cies, in other words, they would be monochromatic, and if the cells of the 
superlattice are not too large, they would also be finite in number The 
vibrations of the second class would thus appear as a set of discrete and enumer- 
able monochromatic frequencies in the ipfra-red region of the spectrum. 

The manner in which the thermal energy of the crystal would be distri- 
buted amongst the various possible modes of vibration can now be readily 
visualized The largest part of the thermal energy would be carried by the 
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modes of vibration which have been referred to as the principal lattice fre- 
quencies These are obtained by considering a lattice cell having all the sym- 
metry elements present in the crystal and thus fully representative of it By 
applying the appropriate geometric and analytical methods, we find the 
number, character and frequencies of the various modes of vibration of 
thep atoms located in the cell Such an analysis would yield (3p — 3) modes 
of internal vibration and 3 translations for the cell as a whole If p be fairly 
large, as is the case with the vast majority of crystals, the (3p— 3) degrees of 
freedom appearing as vibrations would greatly exceed in number the 3 degrees 
of translation The next stage in the analysis would be to consider a super- 
lattice of which the cells have twice the edge length of the lattice cells first 
chosen Applying similar methods to it, we would have (24p— 3) modes 
of internal vibration of the atoms included in the cell and 3 translations 
The former would naturally include the (3p— 3) modes of vibrations already 
considered, besides others approaching them in character, and we would 
obtain also new modes of vibration previously reckoned as simple translations 
of the unit cell We may, if necessary, similarly proceed to consider a cell 
thrice as large which would give us (8 Ip — 3) modes of mternal vibration and 
3 translations, or even a cell four times as large which would give us (192p— 3) 
internal vibrations and 3 translations These refinements should, however, 
be unnecessary except for crystals in which p is a small number and usually 
not even in their case Thus, when the analysis is carried sufficiently far, all 
the modes of vibration which make any sensible contribution to the thermal 
energy of the crystal may be identified, and the residue associated with the 
energy of the elastic vibrations of undefined frequency may be ignored The 
number of the vibrations of the latter kind bears to the total number of degrees 
of atomic freedom a ratio of the same order of magnitude as the ratio of 
the volume of an individual atom to the cube of the limiting wave-length. 
When, therefore, the wave-length limit is even moderately large in relation 
to the lattice spaemgs of the crystal, the energy of such vibrations is a 
negligible fraction of the whole 

The results of our discussion may be summed up as follows * In evaluating 
the thermal energy of a crystalline solid, we are only concerned with the discrete 
or monochromatic frequencies appearing in its infra-red spectrum which owe 
their origin to the displacements of the atoms from their positions of equilibrium 
in the characteristic structure of the crystal the elastic vibrations which mvolve 
only a general distortion of the lattice may be left out of account altogether 

3 The Specific Heat Theory of Debye 

The result stated above is in direct contradiction with the assumptions 
made in the theory of specific heats of solids due to Debye. The latter 
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identifies the thermal energy of the crystal ab mttio with that of the elastic 
vibrations A property connected in the closest manner with the atomic 
or molecular structure of the solid is thereby sought to be interpreted in 
terms of purely molar concepts, namely density, elasticity and sound velo- 
cities, thus reversing the usual idea of a physical explanation No theoretical 
or experimental justification can, however, be found for the basic assumption 
made in the Debye theory that the vibrations carrying the thermal energy 
are of the elastic solid type The fact that elastic vibrations travel with a 
high velocity, while heat energy does not travel at all but only difluses with 
extreme slowness, is sufficient in itself to make such an identification ques- 
tionable That the extrapolation, made in the Debye theory, of ideas denved 
from the physics of continuous media to the physics of atomic structures is 
not justifiable is indicated by the simple mechanical analogy of a periodically 
loaded string Consider a string of finite length under tension T to which m 
loads, each of mass /* are attached at regular intervals a apart The displace- 
ment of the rth load in the Jth mode of vibration is given by the formula — 

0r- P, sin “-qrr- cosfv- ^,) (1) 

where _ 

"'-Vi 0) 

Provided the integer s appearing in these formulae is small compared with m, 
the vibrations approximate in form to those of a uniform string As s 
increases, however, the vibrations resemble less and less those of a uniform 
string, until when +1) all resemblance disappears, the mode of 

vibration then being determined entirely by the periodicity of the loading. 
In other words, as the wave-length of the transverse oscillations is diminished 
to the point at which it becomes four times the interval between the loads, 
we are no longer' concerned with the behaviour of a uniform stnng but have 
to consider, instead, the characteristic vibrations of a periodically loaded 
string It may be reasonably inferred from this analogy that in the case of a 
three-dimensional periodic structure, the ideas based on the physics of con- 
tinuous media cease to be appropriate in considering vibrations of high 
frequency in which the atomic architecture of the crystal is specifically 
involved. 

While the specific heat curve can be uniquely derived from the vibration 
spectrum, a knowledge of the specific heat data is obviously insufficient for a 
determination of the vibration spectrum That the Debye formula with an 
appropriately chosen limiting frequency fits the specific heat data in certam 
cases IS not therefore a proof of the correctness of the basic assumptions of 
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the theory, and cannot be regarded as an indication that the vibration 
spectrum in these cases bears any resemblance to that postulated in the 
theory It may be recalled that the Debye function is the integrated sum of 
a continuous sequence of Einstein functions over a range of frequencies with 
weights proportional to their squares and a sharp cut-off at an upper limit 
Experimental data which fit a Debye function should therefore equally be 
capable of being represented as the sum of a finite number of Einstein 
functions with appropriate frequencies and weight factors It is very signi- 
ficant also from our present point of view, that the Debye formula fails to 
represent correctly the specific heat of several elements crystallising in the 
cubic system For, this indicates that the success of the formula in other cases 
is largely accidental A feature of the Debye theory which is often emphasised 
IS that the clastic constants calculated from the specific heats come out of the 
right order of magnitude As was pointed out in Einstein’s earliest papers, 
however, the existence of approximate relations between the atomic frequen- 
cies and the elastic constants is indicated by elementary considerations No 
special significance can therefore attach to this feature of the Debye theory 

4 Born's Theory of the Cyclic Lattice 

While the Debye theory ignores the discrete structure of the crystal, the 
crystal dynamics of Max Born and his school formally takes account of it. 
Born’s theory, however, rests on his postulate of the “ cyclic lattice ”, in other 
words on his assumption that all the atomic displacements are periodic in a 
volume having the same shape as the elementary cell of the lattice but of very 
great size in comparison with it The postulate makes no distinction bet- 
ween the atomic vibrations of high frequency and the elastic vibrations of low 
frequency, and assumes yiat all the possible vibrations have wave-lengths 
which are sub-multiples of the external dimensions of the crystal It is readily 
seen that this postulate is unjustifiable While the external boundary of the 
solid acts as a reflecting barrier for the elastic waves and thereby determines 
the frequencies of elastic vibrations, it can have no such influence on the 
internal vibrations of the crystal lattice These latter have frequencies which 
are determined by the crystal structure, and as they do not mvolve the move- 
ment of extended volumes of the material, they cannot either disturb or be 
disturbed by the conditions at the external boundary of the crystal Further, 
the space-patterns of the characteristic vibrations of the lattice are prescribed 
by the crystal structure, the repetition units being either the same as the 
lattice spaemgs or integral multiples thereof The assumption that the 
lattice vibrations have wave-lengths which are sub-multiples of an arbitrarily 
assumed external dimension of the crystal is therefore wholly inappropnate 
For these reasons, the Born postulate cannot possibly represent the actual 
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state of aflTairs in a crystal It is evident, in fact, that the Bom theory is based 
on concepts derived from the macroscopic behaviour of elastic solids of the 
same kind as the theory of Debye which we have already examined and 
rejected. It follows that the Born crystal dynamics and Us consequences 
must also be considered as unacceptable 

5 The Spectroscopic Evidence 

It IS an essential feature of both the Debye and Bom theories 
that the vibration frequencies of a crystalline solid form a continuous 
spectrum This is assumed ah mlio in the Debye theory, while it follows 
as a necessary consequence of the postulate of the cyclic lattice on which the 
Born dynamics is based The vibration spectrum in the Born theory is 
divided into the so-called acoustical and optical branches, but it would seem 
that this distinction does not correspond to any recognisable differences in 
spectral character Both the acoustical and optical branches appear as 
continuous spectra, both have “ transverse ” and “ longitudinal ” frequencies, 
and th6y also overlap over extensive ranges of frequency As a typical 
example illustrating the behaviour of crystals assumed in the Born theory, 
we may quote the calculations and graphical representations of the vibration 
spectrum of rock-salt contained in a recent paper by Kellermann {Phil Trms , 
May 1940) It will be seen that the features there shown stand in the sharpest 
contrast with those indicated by the theoretical considerations put forward 
in the present paper, namely that the infra-red and clastic vibration-spectra 
appear in quite different frequency ranges, that the mfra-red spectmm consists 
entirely of discrete or monochromatic frequencies, while the elastic 
vibrations form a continuous spectrum 

Several experimental methods of studying the frequency spectmm of 
crystal lattices are available at the present time A method applicable to all 
transparent crystals and covering the whole frequency range is the spectro- 
scopic analysis of the scattered radiations emerging from a crystal when it 
is traversed by a beam of monochromatic light * A striking and quite 
general feature emerging from such studies is the sharpness of the lines of 
displaced frequencey appearing in the spectra which represent the infra-red 
vibrations of the solid These lines are usually quite as sharp as the lines of the 
incident radiation This is the case both when the Imes represent the exten- 
sional or distortional vibrations of the ions or molecules in the crystal lattice, 
as also when they represent translational or rotational movements Vibra- 
tions of the latter kind which are usually of low frequency are specially 

* Thii Reid of research is reviewed in an article m the Journal of tht FrankHn buttliM for 
SeiStember 1941. 
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characteristic of the crystalline state Even in those cases where such lines 
show an appreciable width at ordinary temperatures, they sharpen to the finest 
possible lines when the crystal is immersed in liquid air Such lines fail to 
appear when the substance is in the amorphous or fluid state, being then 
replaced by diffuse continua, thus clearly showing that the monochromatism 
of the vibrations is a consequence of the regular lattice structure of the crystal. 
As examples proving that the behaviour of actual crystals bears no resemblance 
to that assumed in the Debye and Born theories, we may mention the cases 
of the elementary solids, e g , diamond, sulphur and white phosphorus, 
as also simple ionic structures, eg , rock-salt Every one of these crystals 
shows well-defined lines in the spectrum of the light scattered by it 

The luminescence of crystals excited by light or by electronic bombard- 
ment is another avenue of approach to the study of their lattice spectra In 
this case, the transitions between the infra-red energy levels occur in combina- 
tion with the electronic transitions The method is therefore applicable for 
the study of the lattice spectra only when the levels of the electronic transi- 
tions are sharply defined To secure this result, it is usually necessary to 
cool the crystal to liquid air or even to liquid hydrogen temperature The 
subsidiary bands arising from the combinations of the electronic with the 
infra-red transitions are then found to be quite sharp Various cases of this 
kind may be mentioned, e g , the luminescence of crystals due to atoms of 
chromium or of the rare earths embedded in their lattices, and the lumines- 
cence of the uranyl salts Recently, it has been found by Nayar working in 
the laboratory of this Institute that the luminescence of diamond is also 
resolvable into discrete frequencies at low temperatures, thus enabling its 
lattice spectrum to be determined The evidence derived from all such 
studies points conclusively to the monochromatic nature of the infra-red 
vibrations characteristic of crystal lattices 

Thirdly, we may mention the avenue of approach to the study of the 
lattice vibrations provided by the absorption spectra in the visible and ultra- 
violet This method is applicable both in the special cases of luminescent 
crystals and also more generally, e g , the coloured metallic salts, the salts of 
the rare earths and organic crystals Here again, since the infra-red and 
electronic transitions appear in combination, it is necessary to cool the 
crystals down to liquid air or even liquid hydrogen temperature before definite 
information regarding the nature of the lattice spectra can be obtained The 
experimental results in such cases as have been fully studied show clearly 
the monochromatic character of the infra-red vibrations. 

Finally, it may be said that the results of mfra-red spectroscopy do not 
contradict the conclusions arrived at by the different methods referred to 
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above. Much of our knowledge regarding the latdce frequencies ot orystab 
is derived from observations of the rdlecting powM* of crystals for infra-red 
radiations as a function of wave-length. It is obvious that this method* 
while yielding useful information, cannot be considered as a method of 
spectral analysis properly so-cidled, since the reflectmg power does^ 
not vanish at frequencies other than those characteristic of the crystaL 
Absorption methods t4Sing very thin plates would evidently be more suitable, 
but such studies have not been very numerous. 

6 Lattice Frequencies and Superlattice Fretptencies 

The theoretical considerations indicated earlier and the experimental 
results of spectroscopic research agree in showing that the vibrations of a 
crystal lattice which appear as monochromatic frequencies in the infra-red 
spectrum stand in a class apart from the elastic vibrations of macroscopic 
physics. In considering the relations between crystal properties and orystal 
structure, we would be justified in ignoring the vibrations of the macroscopic 
type, since the fraction of the total thermal energy which th^ cany is negli- 
gible. The atomic vibrations appearing in the infra-red spectrum may be 
classed as lattice vibrations and superlattice vibrations of different orders. 
The lattice vibrations are those possible when the unit cell of die crystal 
lattice IS the repeating unit in the dynamic space pattern. The term also 
includes vibrations of the same or nearly the same frequency as the lattice 
vibrations which arise when superlattices of increasing size are considered as 
the repeating units. The superlattice frequencies are those which present them- 
selves only when cells of superlattice size are considered. It is evident that 
they may be roughly pictured as due to the cells of the crystal lattice oscillat- 
ing against each other in groups Thus, if a cell of double size and therefore 
containing 8 lattice cells is the unit of the pattern, the superlattice frequencies 
of the first order would include 21 out of the 24 degrees of freedom of motion 
of these 8 cells, while the superlattice frequencies of all the higher orders 
together would carry only the 3 residual degrees of freedom The successive 
orders would thus diminish rapidly in importance Pari passu, their frequen- 
cies would diminish owing to the increasing mass of the oscUlatmg units. 

As explained above, ffie superlattice frequencies would be low and 
would Ue in the remote infra-red region of the spectrum. Their contribu- 
tion to the thermal energy would be small and of importance only at the 
lowest temperatures They are, in fact, the nearest analogy in the {uesent 
theory to the elastic vibrations of macroscopic physics, but differ from Aem in 
possessing specifiable frequencies instead of being merdy segments m a con- 
tinuous spectrum. The existence of monochromatic st^rlattiee fre^uenetes 
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has been established by spectroscopic studies made at this Institute with dia- 
mond and quartz These are shown in Figs 1 and 2 in Plate XXXIV. 
That similar vibrations exist also in other crystals is hardly to be doubted, 
though lying in the remote infra-red, they would naturally be less easily 
demonstrable by spectroscopic investigation In fact, specific heat determin- 
ations at the lowest temperatures are probably the easiest way in which 
their reality can, in general, be proved 

7. The Specific Heat Data 

The present paper is followed by several others in which the experimental 
facts concerning the specific heats of vanous substances of simple composi- 
tion are examined in detail These papeis speak for themselves It is suffi- 
cient to remark that the results of the examination furnish the clearest 
experimental proof of the correctness of the new theoretical approach to the 
problem of the specific heats of solids indicated in the preceding pages 

8 Summary 

The theory of the specific heats of crystals is considered in this paper from 
a new standpoint A crystal being a regular periodic arrangement in space 
of material particles, the possible vibrations of the atoms in such a structure 
can be divided into two groups, namely those occurring m a macro- 
scopic scale, and those fundamentally involving the crystal structure. 
The second group can be further subdivided into lattice vibrations and super- 
lattice vibrations in which the modes of vibration form repeating patterns 
in space ; the unit of this pattern is identical with the lattice cells in one case, 
and IS an integral multiple of its size in the second case It is shown that the 
part of the thermal energy associated with the macroscopic or clastic vibra- 
tions appearing as a continuous spectrum is entirely negligible The bulk of 
the thermal energy is associated with the lattice frequencies properly so called 
which appear as monochromatic lines in the infra-red spectrum The residue is 
associated with the superlattice frequencies of diflerent orders which arc also 
monochromatic. These frequencies appear in the remote infra-red region 
of the spectrum and their contribution to the specific heat is relatively impor- 
tant only at low temperatures The spectroscopic evidence regarding 
crystals is reviewed and shown to be in full accord with these ideas The 
specific heat theories of Debye and of Bom are critically examined and it is 
shown that the assumptions on which they are based are theoretically unjusti- 
fiable, besides being in contradiction with the experimentally observed 
behaviour of crystals. 
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1 Introduction 

Whitf phosphorus is an elementary solid which crystallises in the cubic 
system at ordinary temperatures As its molecular and crystal structure is 
known, and its spectroscopic behaviour in the Raman effect has been the 
subject of detailed study, it becomes possible to offer a satisfactory interpret* 
ation of Its specific heat data 

2 Molecular and Crystal Structure 

Dumas (1826) determined the vapour density of phosphorus vapour and 
found the molecular formula to be Beckmann (1890) also found the mole- 
cular formula to be P 4 from the boiling point of a solution of phosphorus 
in CSj and this was confirmed by Hertz (1890) from the freezing point of a 
solution of phosphorus in benzene Seyler (1884) had earlier arrived at the 
same conclusion from a consideration of the latent heat of fusion and the 
specific gravity of the solid and liquid at the melting point Aston and 
Ramsay (1894) found that the P 4 formula also agrees with the observed sur- 
face tension of the molten liquid, while Smits and Bokhorst (1916) arrived at 
the same conclusion from the values of the critical constants Stock and 
co-workers (1912), by studying the vapour density, found the molecule to 
continue as P 4 upto 700°, any dissociation that may occur taking place only at 
still higher temperatures fihagavantam (1930) has shown trom the Raman 
effect data that the P 4 molecule must be tetrahedral in form and that the alter- 
native configuration of a square is definitely excluded The tetrahedral form of 
the P 4 molecule is confirmed by the study of electron diffraction by phosphorus 
vapour made by Maxwell, Hendrichs and Mosley (1935) Natta and Passerini 
(1930), as a result of X-ray investigation of phosphorus at — 35° C , 
came to the conclusion that white phosphorus belongs to the cubic system 
and has 4 P 4 molecules in the unit cell At still lower temperatures, however. 
It ceases to be a cubic crystal 
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3 Spectroscopic Data 

Bhagavantam who was the first to study the Raman effect of white phos- 
phorus reported the presence of only three frequencies at 374, 468 and 607 
wave numbers, conforming to a tetrahedral model Venkateswaran (1935) in- 
vestigated this m greater detail by studying phosphorus in the solid, liquid 
and vapour states as well as also in solution, and found that a change of state 
has no marked effect on the Raman lines, except that the frequency at 603 
increases by a few wave numbers in going from solid to liquid and from liquid 
to vapour states He also made (1937) the important observation of the 
presence of a fairly sharp and intense line displaced by 36 wave numbers from 
the exciting radiation in the case of solid phosphorus He calculated the 
frequency of vibration of the phosphorus molecules in the crystal lattice from 
Lindemann’s modified formula to be A >'=27 3 cm~’ Bhagavantam and 
Venkatarayudu (1938) calculated the modes of vibration of the phosphorus 
molecule and obtained detailed expressions for the three frequencies by which 
they identified the 606 frequency to be due to the symmetrical vibration and 
hence single, 363 to be doubly degenerate and 465 to be triply degenerate, 
all the three being active in the Raman effect This assignment is in agree- 
ment with the observations of Venkateswaran (1937) who had found that in 
the case of liquid phosphorus, the 606 line is strongly polarised while the other 
two are depolarised 

4 Calculation of the Specific Heat 

Considering the 4 P 4 groups in the unit cell of the cubic crystal lattice, we 
have in all 48 degrees of freedom The P 4 molecule itself has six internal 
vibrations, of which one is single, one is doubly and the other triply degenerate 
Of the 48 degrees of freedom, 24 are thus identified with the three discrete 
Raman frequencies 363, 465 and 606 with their respective degeneracies 
Amongst the remaining degrees of freedom, 12 must be identified with the 
three rotational oscillations (triply degenerate) of each of the four P 4 molecules 
in the unit cell Since the P 4 molecule has tetrahedral symmetry and is 
located in a cubic ceil, it would be optically isotropic and such rotational oscil- 
lations would therefore be inactive in the Raman effect Hence, their fre- 
quency 18 not accessible to direct observation Of the remaining 12 degrees 
of fre^om, 3 must be identified with the hnear translations of the unit cell 
as a whole The remaining 9 degrees of freedom may therefore be assigned 
to the oscillations representing the hindered translations ” of the molecules 
within the cell The low frequency line at 36 cm observed by Venkates- 
waran in solid phosphorus may reasonably be identified with such transla- 
tional oscillations of the molecules within the cell This identification 
appears to be justified by the approximate agreement of this frequency with 
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that calculated from the Lindemann melting point formula The alternative 
interpretation ot the 36 cm line as due to the rotational oscillation of the 
molecules js excluded, since such oscillation should be Raman inactive as 
already explained Thus we sec that of the 48 degrees of freedom of the unit 
cell, 45 degrees are identified with certain discrete frequencies and hence 
appear as Einstein terms in the expression for the specific heat of the 
phosphorus crystal 

The superlattice frequencies must be lower than the observed lowest 
frequency at 36 cm'^ which we have identified as that of translatory oscilla- 
tion of the molecules Since the data do not extend to very low temperatures, 
we shall take the superlattice frequency to be equal to 36 cm itself The 
frequency of the oscillation corresponding to “ hindered rotations ” of the 
P* molecules may be expected to be considerably higher We shall take it 
as 67 cm which is not unreasonably high and gives the best fit with the 
specific heat data The gramme-molecular heat of solid phosphorus at 
temperature T may thus be written as 

{Je(%’) + 2e(%') f e(Y“)} 

The experimental data concerning specific heat of phosphorus at different 
temperatures arc not available for the several discrete temperatures How- 
ever, we have mean specific heats observed between wide temperature inter- 
vals between four different temperature regions These arc between (1) 23® 
to 77°, (2) 82° to 194°, (3) 195° to 271°, and (4) 274° to 290° absolute 
The first of these four determinations is due to Dewar (1913), while the other 
three are due to Ewald (1914) Hence, it will be necessary for companng 
the calculated and observed values to calculate the molecular heat in a slightly 
different manner Instead of calculating the derivatives of the corresponding 
energy functions with respect to temperature, we calculate the energy func- 
tions themselves The total thermal energies at two different temperatures Tx 
and Tj being Ux and U*, the mean molecular heat between these two 
temperatures is 

r _u.-Ux 

1i7=Tx* 

The value of (C^- Q) for phosphorus at the room temperature is calcu- 
lated from the thermodynamic relation to be = 3 06, while its values at the 
other mean temperatures are calculated with the aid of Grhneisen’s law as 
was done by the author (1941) for the case of sulphur. The following table 
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compares the mean gramme-molecular heat of solid phosphorus thus cal- 
culated with the experimentally observed values 

It will be seen that the calculated values of the mean molecular heat of 
phosphorus agree well with the observed values 

In conclusion, the author desires to record his grateful thanks to Prof 
Sir C V Raman, for his kind interest in this work 

5 Summary 

The specific heat of solid phosphorus is calculated by consideruig the 
unit cell of 4 P 4 molecules Of its total 48 degrees of freedom, 24 are identified 
with the internal vibrations of the P* molecule identified by their respective 
Raman frequencies with their appropriate degeneracies, 12 are associated 
with the inactive frequency of a triply degenerate rotational oscillation of each 
of the 4 P 4 molecules, 9 degrees of freedom with the observed low frequency 
vibration due to the “ hindered translations ” of the P 4 molecules in the unit 
cell All these 45 terms being due to discrete frequencies, their Einstein 
terms are involved in the calculation of the specific heat The remaining 
three degrees of freedom corresponding to the simple translations of the 
unit cell in the lattice are also assumed to contribute an Emstein term to 
the specific heat The values thus calculated are in good agreement with 
the observed values 
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7 Introduction 

The success of Debye's formula in representing the variation with tempera* 
ture of the specific heat of a large number of metals crystallizing in the cubic 
system has for many years been regarded as conclusive evidence for the 
correctness of the assumptions on which this theory is based Gradually, 
however, various experimental facts have come to light which do not fit into 
the theory According to Debye, the specific heat of an elementary solid is 
expressible as a function involving only one arbitrary constant known as 
the Debye characteristic temperature for the substance, this constant itself 
being expressible in terms of the elastic moduhi of the solid Several cases 
have however come to light in which it is impossible to fit the specific heat 
data into a formula of this kind In order to preserve at least the framework 
of the theory, it has become the fashion to regard the “ characteristic tempera- 
ture ” as being itself a function of the temperature and to exhibit its variation 
graphically On a close examination of the matter, it is found that there arc 
comparatively few cases in which the “ Debye temperature ” is even approxi- 
mately constant over a wide range of temperature Lead, calcium, molyb- 
denum and vanadium arc examples of cases in which a fairly satisfactory fit 
IS obtained On the other hand, there are equally numerous cases in which 
the “ characteristic temperature ” shows quite distinct variations, increasmg 
with the temperature as is the case of gold, dimmishing as in tungsten, and m 
other cases, agam, showing more complicated types of variation In the cases 
of lithium, grey tin and metallic silicon, the variations are so large that the 
Debye formula does not even roughly represent the specific heat curve 
An extensive literature has grown up in the attempt to interpret these 
failures of the Debye theory on the basis of special hypotheses It is not 
proposed here to enter into that literature, as we shall consider the whole 
question from a more general point of view Debye's identification of the 
possible atomic movements in a crystal with the elastic vibrations of a continu- 
ous solid seems justifiable only when the wave-length of such vibrations is 
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sufficiently large in comparison with the lattice spacings of the crystal There 
appears, however, no reason for assuming that all the possible types of atomic 
movement can be described in this fashion Indeed, wherever it has been 
possible to make a direct experimental study of the question, e ; , by photo- 
graphing the Raman spectra, it is found that such an assumption does not 
correctly represent the facts The spectroscope, in fact, discloses that the atomic 
vibrations even in elementary solids, viz , diamond, phosphorus and sulphur, 
exhibit numerous monochromatic frequencies, the position and number of which 
may be correlated with the crystal structure of the sohd Such methods of 
optical study are, untortunately, not open to us in the case of metals But 
we have no reason to suppose that a similar situation does not exist m their 
case as well It may be recalled that in making the first attempt to develop a 
quantum theory of specific heats, Einstein (1907), assumed that the vibrations 
of the atoms in a solid are monochromatic The difficulty felt by him later 
(1911) in sustaining this hypothesis, namely that the vibrations of an atom would 
be highly damped by its reactions with its neighbours, disappears when it is 
recalled that the characteristic vibrations of the lattice necessarily occur in 
the same way in all its cells and are therefore undamped The hi^ly mono- 
chromatic character of the frequencies usually exhibited by crystals in the 
Raman effect is, m fact, a complete vindication of Einstein’s original hypo- 
thesis 

From the foregoing considerations, it is clear that for the evaluation 
of the specific heat, we have to find the frequencies of atomic vibration in the 
crystal and to assign to each such frequency an Einstein function with the 
appropriate weight factor The principal Einstein terms relate to the fre- 
quencies of vibration in which the lattice cell is the repeating unit of the 
vibration pattern in space Further terms would also have to be added to 
represent the superlattice frequencies for which the vibration pattern in space 
IS a multiple of the size of the lattice cell, as explained more fully in papers 
by Sir C V Raman and Dr C S Venkateswaran appeanng in these 
Proceedings The elastic vibrations of the solid properly so-called, however, 
make no sensible contribution to the thermal energy 

2 Relation to Crystal Structure 

We may take the basis group in the cases now under consideration to be 
the unit cube This contains two atoms in the case of body-centred lattices, 
four in the case of face-centred ones, and eight in diamond-hke structures 
The case of the body-centred lattice is the simplest of all This may be con- 
sidered as made up of two interpenetrating simple cubic lattices, one of which 
is formd by the corner atoms and the other by the central atom of the cube 
The three translations of the cell as a whole mvolve three degrees of freedom. 
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The Einstein frequency would then correspond to the movement of one smgle 
cubic lattice against the other and because of the cubic symmetry, this must 
be triply degenerate The case of a face>centred lattice is somewhat more 
complicated There are four interpenetrating simple cubic lattices to be con- 
sidered Here as well, three degrees of freedom relate to the translation of 
the cell The remaining nine degrees of freedom are associated with the 
possible modes of vibration of the four lattices against each other. Since 
each frequency must be triply degenerate, we are concerned with three Ems tpin 
frequencies In the case of diamond-like lattices, the unit cell of eight atoms 
is made up of two groups of four each forming a face-centred cubic lattice 
Assigning three degrees of freedom to the translations, twenty-one degrees 
of freedom are left, over There would then be, m general, seven tnply 
degenerate Einstein frequencies 

The evaluation of the Einstein terms in the speafic heat thus involves 
a knowledge of one characteristic frequency for body-centred lattices, three 
for face-centred ones, and seven for diamond-likc structures Provision- 
ally and for the sake of simplicity, the three frequencies of a face-centred 
lattice may be replaced by a single representative frequency In the case of 
diamond-like structures, the spectroscopic evidence afforded by diamond it- 
self indicates that it is necessary to have at least two representative frequencies , 
one of these corresponds to an oscillation of the two face-centred cubic 
lattices against each other ; the other frequency may be pictured as an oscilla- 
tion of the component atoms in each such lattice amongst themselves Of 
the total number of degrees of freedom, one half should evidently be assigned 
to the vibrations of the first type which would naturally have the higher fre- 
quency Three degrees of freedom bemg assigned to the translations, the 
remainder are associated with the second and lower frequent^ 

The three degrees of translatory freedom of the unit cell appear in each 
case as superlattice frequencies Taking a superlattice cell whose edge is 
double that of the unit cell, we assign three degrees of freedom to the trans- 
lations of the enlarged cell and the remaining 21 degrees of freedom to seven 
triply degenerate superlattice frequencies The three reserved degrees can 
then be passed on to superlattice frequencies of the second order, and so forth 
For our present purpose, we may replace the seven superlattice frequencies 
of a particular order by a single representative frequenr^ and also restrict 
ourselves to superlattice frequencies of the first two orders. The expressions 
for the specific heat accordingly reduce to 

C„ » 3 R [J E (|y) -H E (^) + 1^ E C^*)] 
for body-centred structures 

A2 


t 
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for face-centred structure^ 

and C. 3»QE(*^)+3E(^)+’E(^^)diE(*^)] 
for diamond-like structures, 

where £ stands for Einstein function The last two terms in each case refer 
to the superlattice frequencies of the first and second orders respectively 

Failing spectroscopic data, the frequencies can be evaluated from the 
specific heat data themselves The superlattice frequency of the lowest order 
IS obtained from the specific heat data at the lowest temperature where the 
contribution of other frequencies becomes negligible Superlatticc fre- 
quencies of other orders can similarly be found from the specific heat data 
at intermediate temperatures The high-temperature specific heats where 
the contribution of superlattice vibrations is constant give the lattice 
frequencies Towards the end of the paper we shall compare the lattice 
frequencies empirically found with those given by the melting point formula 
of Lindemann 

In the present paper the author has used the above method for calculating 
specific heats of several elements crystallizing in the cubic system which do not 
fit into the Debye theory In other cases where the Debye theory gives an 
approximate fit with the experimental values, calculations show that it is always 
possible to express the specific heats slightly better by the new method Such 
calculations have however, not been given here to save space 

3 Specific Heats of Body-Centred Structures 

(a) Lithium . — Of all the metals having this structure, lithium is the most 
interesting since no single Debye function will fit the experimental results, the 
value of 0 Debye changing from 328 at low temperatures to 430 at room tempe- 
ratures Various hypotheses have been suggested to miplain this so-called 
anamoly, that given by Simon and Swam (1935) being the most discussed 
They believe that Li ions are of two different kinds and some heat is taken 
up in changing one kind into another The soundness of this assumption 
has been questioned and their value of 9 Debye (510) is not supported by 
experimental evidence (Pankow, 1936) Fuch (1936) has tned to explain 
the specific heats on the assumption of anisotropy, but the values of 6 Debye 
calculated by him on that basis show an even larger deviation than is experi- 
mentally the case The values of the specific heat calculated by us (given 
below), however, are very close to the experimental values at all temperatures. 
It 18 noteworthy also that our Einstein frequency comes very dose to that 
given by Lindemann’s mdting point formula. 
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The values of C„ have been taken from the paper by Simon and Swain 
(he cit) Beutler and Levis’ (1934) results have not been used because the 
accuracy claimed by them is not very high, only the first place of decimals 
being shown 

Table I 

Specific Heats of Li in Cals jdeg gm. atom 
vi- 8 4x IQi*. vj=4 64x 10“, 1 84x 10« 

Experimental Data of Simon and Swain (1935) 


Absolute 

tempe- 

rature 

Einstein 

contri- 

bution 

n 

Einstein 

contri- 

bution 

Fg and Fg 

Calculated 

Q. 

Obwrved 

Cv 

Difference 

observed 

—calculated 

Debye 

function 

9^350 

Difference 
observed Cp 
—Debye 

15 



1 

0364 1 

0364 


045 

+ 

009 

037 

+ 008 




095 

095 


095 

± 

000 

087 

+ 008 

25 



173 

173 


169 

-- 

004 

169 


30 

001 


278 

279 


273 

— 

006 

289 

- 016 

35 

0046 


4112 

416 


413 


003 

452 

- 039 

40 

0133 


567 

*580 


573 


007 

652 

- 079 

45 

0327 I 


7376 

770 i 


770 

1 

000 

884 

- 114 

50 

064 


910 

974 


995 

+ 

021 

1 137 

- 142 

60 

169 

1 

239 

1 41 

1 

42 

+ 

01 

1 67 

- 45 

70 

324 

1 

525 

1 85 

1 

87 

•f 

02 

2 197 

- 327 

80 

509 

1 

757 

2 27 

2 

31 

+ 

04 

2 67 

- 36 

90 

71 

1 

948 

2 66 

2 

67 


01 

3 09 

- 42 

100 

906 

2 

104 

3 01 

3 

02 

+ 

01 

3 46 

-•44 

no 

I 093 

2 

228 

3 32 

3 

32 

+ 

000 

3 77 

- 45 

120 

1 269 

2 

330 

3 60 

3 

59 


01 

4 02 

- 43 

140 

1 569 

2 

479 

4 05 

4 

01 

— 

04 

4 45 

- 44 

160 

1 813 

2 

586 

4 40 

4 

34 

— 

06 

4 75 

—41 

180 

2 006 

2 

656 

4 66 

4 

57 


09 

4 98 

- 42 

200 

2 156 

2 

724 

4 88 

4 

78 

— 

10 

5 14 

- 36 

240 

2 372 

2 

793 

5 17 

5 

28 

+ 

11 

5 36 

- 08 

280 

2 518 

2 

844 

5 36 

5 

31 

— 

05 

5 52 

- 21 

300 

2 575 

2 

860 

5 44 

1 5 

39 

— 

05 

5 63 

- 24 


(b) Tungsten — ^This is the only metal for which the frequency spectrum 
has been worked out on the Born-Karman model (Fme, 1939) An approxi- 
mate method which involved a solution of 140 cubic equations and in which 
the interaction of an atom and its fourteen neighbours only was conadered, 
was used. The values calculated on that basis do not however show any 
distinct improvement on those calculated by Debye’s formula for 310. 

The agreement of the calculated values with Lange’s data is excellent. 
The atwall deviations with respect to Zwikker’s data are well within the experi- 
mental errors This is shown by the considerable differences between the two 
series of measurements made by him in the region of temperatures given 
below. 
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Table II 

Specific Heats of W m Cals jdeg gm atom 
vi=5 4x 101*, 4 4gx iQia, ^3= 1 67 x 10« 

Experimental Data of Lange (1924) from 26-91“ A and Zwtkker (1929) 

from 100-300“ A 


Absolute 

tempe- 

rature 

Eiustein 

contri- 

bution 

*-1 

Einstein 
contri- 
bution 
: and p% 

Calculated 

Cv 

Observed 

Cv 

Difference 

observed 

—calculated 

Debye 

function 

d-310 

Difference 
observed 
—Debye Cj, 

26 01 

013 

224 

237 

213 

-“024 

272 

- 059 

32 3 

0617 

387 

449 

434 

- 015 

506 

- 072 

38 8 

165 

587 ! 

ISl 

750 

- 002 

826 

- 076 

46 7 

355 

866 

1 22 

1 21 

- 01 

1 28 

- 07 

54 7 

592 

1 144 1 

1 74 

1 80 

+ 06 

1 77 

+ “03 

74 4 

1 176 

1 701 ' 

2 88 

2 87 

- 01 

2 85 

- 02 

78 3 

1 272 ; 

1 797 

3 07 

3 07 

± 00 

3 03 

+ 04 

84 2 

1 42 

1 908 

3 33 

3 33 

± 00 

3 29 

+ 04 

91 1 

1 576 

2 026 

3 60 

3 60 

^ 00 

3 55 

+ 05 

100 

I 745 

2 156 j 

3 90 

3 77 

- 13 

3 85 

+ 08 


2 592 

2 741 ' 

5 33 

5 30 

- 03 

5 30 

± 00 

300 

2 796 

2 869 

5 67 

5 87 

+ 20 

5 65 

+ 22 


4. Specific Heats of a Face-Centred Structure 


Gold —The specific heats of this metal have been measured by Clusius 
and Harteck (1928) and unlike most other metals of this structure are not 
expressed by one Debye function The values of 0 Debye vary between 
160 and 186 

Table III 

Specific Heats of Gold m Cals jdeg gm atom 
Vi=3 14 X lO”, V,=l 80 X 10“ Va-- 1 15 X 10« 


C^-Ca=2 09xl0-*C,,T 
Experimental Data of Clusius and Harteck (1928) 


Absolute 

tempe- 

rature 

Einstein 
contn- 
biiuon 
p% and rft 

Einstein 

contn- 

buttem 

Calculated 

Observed 

Cv 

Difference 

observed 

—calculated 

Debye 

function 

0»163 

Difference 
observed 
-Debye CV 

14 96 

351 

“0195 

371 

357 

- 014 

354 

+ 003 

15 73 

389 

029 

418 

431 

+ 013 

•408 

+ 023 

20 33 

618 

158 

776 

782 

+ 006 

816 

- 024 

24 9 

8057 

3945 


1 252 

+ 052 

1 32 


32 5 

1 0461 

9575 


1 998 

' 006 

2184 


44 

1 207 

1 840 

3 047 

3 034 

- 013 

3-27 


63 6 

1 3243 

2 8642 

4 189 

4 144 

- 045 

4 39 

-•246 

82 5 

1 400 

3 414 

4 814 

4 706 

- 108 

4*938 

- 232 

105 

1 434 

3 759 

5 193 

5 128 

- 065 

5 158 

- 030 

147 5 

1 460 

4 101 

5 561 

5 578 

+ 017 

5 604 

- 026 

176 5 

1 468 


5 674 

5 706 

+ •032 

5 71 

- 004 

212 5 

1 476 

iiH 

5 759 

5*762 

+ 003 1 

5 782 

—02 
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The deviations of the calculated values from the observed data are smaller 
than those of the Debye function and are not, as is the case with the latter 
in the same direction throughout They are however larger than those 
observed with the body-centred structures This is possibly due to the fact 
that we have taken a single Einstein frequency as a representative of a 
group of three, which may be different from one another 

5 Specific Heats of Diamond-hke Structures 

(a) Metallic Silicon — Specific heats of this substance have been measured 

at six temperatures by Nernst and Schwers (1930) (20-90)" K, by Anderson 
(1930) (61-296)“ K, and by Magnus (1923) (138-1000)“ K The Debye 
characteristic temperatures necessary to explain these results vary between 
440 and 715 Nernst and Schwers’ values are considerably (2-30)% lower 
than those extrapolated by Anderson from his own data. We have used 
the latter’s extrapolated values in Table IV has been calculated by 

the usual formula from the compressibility ( 325 x 10“^*), linear coefficient 
of expansion (7 15 x 10“®) and Cp at 296 (4 652), the former two being taken 
from the International Critical Tables 

With reference to the distinctly noticeable deviation at 296 3°K, it 
must be pointed out that Anderson does not claim a very high degree of 
accuracy for his work The observed values of specific heats deviate consider- 
ably from those given by his curve in this region of temperature Similar 
deviations take place at very low temperatures The order of error can be 
judged from the fact that the specific heat given by him by interpolation at 
65*6° K IS 920, while his own dctermmation at a shghtly lower temperature 
(65 1) is 974 The small deviations from Magnus* data are not unexpected, 
since his values difier by about 4% from Anderson’s at the temperatures 297 
and 296 3° nearly common to both sets of observations 

(b) Grey Tin —The calculation of C^— C„ requires the exact knowledge 
of the specific heat, compressibility, coefficient of expansion and density at 
one and the same temperature For grey tin only the density and the mean 
coefficient of expansion between -163 and 18" C are known We have there- 
fore calculated the values of Cp - Cp by an approximate formula of GrOneisen 



that the coefficient of expansion is the same at all temperatures y is taken 
as 1 59 X 10-® 

The specific heats were expressed by Lange (1924) by two Debye func- 
tions t Debye 280 -H i Debye 76. In terms of one Debye function the 0 Debye 
ranges from (140-225)® K. 



Table IV 

Specific Heats of Metallic SUicon in Cals jdeg gm atom 
vi== 14-7 X 10“ 6 59x 10»», •.,= 3 66 X 10^®, ^ 4 = I 30 x 10“ 

-c, = 1 84x io-«c^*r 

Experimental Data Extn^lated from Ander^m 120* 1 — 89 8 ) Anderson) 89 8 — 296 3), Magnus (350-1000) 
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6. Remarks on the Frequencies Assumed 
In Table VI the values of the lattice frequencies obtained from the 
specific heat data are compared with those deduced from the Lindemann 
melting point formula The following form given by Grdpeisen in bis 
article in the “ Handbuch der Physik ” has been used 

V = 2 5 X 10“ 

VAV„»'» 

where T, = melting point m absolute degrees, A ^ atomic weight and V,-- 
atomic volume. 

Table VI 


Comparison oj Frequencies 


Substance 

V from Lmdemann 
formula 

Einstein v from specific 
heat data 


^ K 

V 




deg K 


1 dec K 

Lithium 

8 7 X 10“ 

417 

8 4 xI0“ 


Tungsten 

5 23x10“ 

2S^ 

5 4 XlO** 

260 

Gold 

3 34x10“ 

160 

3 J4xl0« 

350 

Silicon 

8 51x10“ 

407 

6 59x10“ 

315 




14 7 xlO** 

705 

Grey tin 

1 86xl0>** 

89* 

2 20x10“ 

105 




5 44X10“ 

260 


* From data for ordinary tin 


For the first three metals the frequencies obtained from Lindemann 
formula are very near to those used by us In the latter two cases such agree- 
ment 18 not to be expected because two frequencies are involved The lower 
of the two frequencies, however, comes near the Lindemann frequency It 
18 noteworthy that, as in the case of diamond, one frequency is about double 
the other. 


An independent estimate of the higher frequency of sihcon can be made 
by the use of Nagendra Nath’s theory of the vibrations of the diamond lattice 
(1934) His formula for the higher frequency 1332 cm of diamond is 




K' 



which must also hold good for silicon because of the similarity of structure. 
K, K' and K"' in the formula stand for the force constants for primary 
iralence, directed valence and intravalence, respectively, while M is the mass of 
the atom and p the distance between any two connected atoms The second 
term in the above formula is unknown for sibcon but is comparatively small 
(about 30% of the first) for the force constants used by Nagendra Nath for 
carbon, The value of K for silicon has been found to be 1 7 x 10* dynes/cm. 
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by Still and Yost (1937) from the Raman spectrum of disilane The cor- 
responding value of K for carbon from a compound of similar structure is 
4 64 X 10*^ dynes/cm If the latter value is put in the above formula for 
diamond, the first term by itself (neglecting the other) gives the frequency as 
1308 cm which is near the observed value We shall therefore not be far 
wrong in calculating the frequency for silicon in the same way from the value 

( K'_ K"'\ 

— ^4 — j frequency thus obtained is 516 cm 

which is not so different from the 491 cm~* adopted for the specific heat 
calculations An alternative method of calculation is to assume that 

V silicon _ jiA carton y. ^ 

V carbon ' Sj x K^carton *332 

which gives us 525 cm for v„ on using the values of K quoted above 
In conclusion the author wishes to thank Professor Sir C. V Raman, 
Kt , F R s , N L , for his guidance and encouragement 

7 Summary 

It IS shown in the paper that the specific heat formula for all metals 
must necessarily include two types of Einstein terms, one corresponding to 
the lattice frequencies and the other to the superlatticc frequencies The 
number of lattice frequencies is shown to be one in the case of body- 
centred cubic lattices, three in the case of face-centred cubic types and 
seven in diamond-like structures In the latter two cases the groups of 
frequencies have been replaced for simphcity by one and two representative 
frequencies respectively The specific heats of the so-called anomalous 
cases, Li, W, Au, Si and grey tin have been calculated on the above basis 
and a satisfactory agreement with experimental results has been obtained 
In the first two types of structures the monochromatic lattice frequencies 
obtained are shown to be of the same order as those given byLindemann’s 
melting point formula 
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7 Introduction 

Diamond the outstanding example of an elementary substance in the solid 
state which shows an abnormally low specific heat at ordinary temperatures 
rising to the normal value at very high temperatures The measurements 
of specific heat by Weber (1875) made with diamond exhibiting this pheno* 
menon enabled Einstein (1907) to make a test of the quantum theory of specific 
heats in his first classic paper on the subject Later determinations by Dewar 
(1905) and by Nernst (1911) showed that the specific heat of diamond tends 
to zero at very low temperatures These measurements furmshed material 
for a test of the formulae for specific heat proposed by Nernst and Lindemann 
(1911) and by Debye (1912) It should be noted that these early theones 
and discussions were based upon postulates regarding the nature of the vibra- 
tion spectrum of diamond and not upon any independently ascertained facts 
regarding the latter Of late years, however, invesDgations on the Raman 
effect, on infra-red absorption and especially the recent studies of Nayar 
(1941) on the absorption of ultra-violet radiations and the luminescence 
spectrum of diamond have furnished us with a wealth of inlormation regard- 
ing the the lattice spectrum of this crystal The information thus derived 
definitely contradicts the assumption of Debye that the lattice frequencies 
of diamond form a continuous spectrum of elastic vibrations bounded by an 
upper limiting frequency The actual nature of the vibrations should 
obviously stand in the closest relation to the crystal structure of diamond. 
Some light has been thrown on the subject by the investigation of Nagendra 
Nath (1934) and of Venkatarayudu (1938) Accurate data for the specific 
heat are also forthcoming from the work of Magnus and Hodler (1926) and 
especially of Pitzer (1938) over a wide range of temperatures, l^e time is 
thus ripe for an attempt to consider the thermal energy data for dmmond 
on a new basis, namely the spectroscopic facts on the one hand and the 
known crystal structure with its possible modes of vibration, on the other 

2. Experimental Data for Specific Heat 

Following the early work of Regnault, Wullner and Bettendorf and 
De La Rive and Marcet indicating that the specific heat of diamond 

484 
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increases with the rise of temperature, Weber {loc at ) studied such variation 
over a large range of temperature 

Magnus and Hodler (1926) determined the specific heat of diamond at 
high temperatures More recently Pitzer (1938) has measured the specific 
heat of diamond over the temperature range 70® K — 300° K He took twenty 
grams of diamonds of a grade known as “ bortz ” Their heat capacity was 
believed to be the same as that of perfect diamonds withm the limits of 
observational error. Pitzer points out that the data of Nemst below 100° K 
are not very reliable According to Pitzer himself, the error in his results may 
be as large as S% at the lowest temperatures where the heat capacity of the 
diamonds was only about one-tenth of the heat capacity of the empty calori- 
meter, but It rapidly diminishes to about 0 2% at 150° K At the highest 
temperatures the errors are somewhat larger on account ot the rapid heat 
exchange by radiation 

Robertson, Fox and Martin (1934) drew attention to the fact that there 
are apparently two types of diamond which differ in their spectroscopic 
behaviour, and (1936) determined the specific heats of the two types to see if 
they were different They concluded from their researches that the specific 
heats were the same within the limits of experimental error 

The values given in the International Critical Tables (1926 edition) for 
the atomic heat at low temperatures are indicated therein to be very uncertain, 
and It IS mentioned that for high temperatures the (recent) data of Magnus 
and Hodler should be referred to We shall therefore regard as standard 
Pitzer’s values between 70° K and 288° K and Magnus and Hodler’s values 
for the higher temperatures These values are shown m Table I 

3 Raman Effect and Infra-Red Absorption 

Raman Effect Data — Ramaswamy (1930), as also Robertson and Fox 
(1930), discovered that diamond exhibits in the Raman effect a spectrum line 
with a frequency shift of 1332 cm This is so intense that it can be photo- 
graphed even with a tiny diamond with an exposure of an hour or two. 
Bhagavantam (1930), who investigated the subject with special thoroughness, 
found in addition to this intense line, others of very low intensity lying on 
either side of it Of these again, the most prominent is the one having the 
smallest frequency shift, namely 1158 cm The other lines havmg frequency 
shifts of 1288, 1382, 1431, 1480 and 1585 cm”^ are much weaker, and require 
large clear diamonds and long exposures to enable them to be recorded. 
Robertson, Fox and Martin (1934) established that the Raman frequency of 
1332 cm IS the same for diamonds of the two types studied by them Nayar 
(1941) has studied thf temperature vanation of the principal Raman 
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frequency 1332 cm~^ At liquid air temperature, the frequency shift is 
1333 8 cm~S at the room temperature 1332 1 cra“^ at 182“ C it is 

1331 Ocm~^ while at 857“ C this is 1316 4 cm“^ 

Infra-red Absorption — The infra-red spectrum of diamond has been 
studied by Angstrom, Julius, Reinkober (1911) and recently by Robertson, 
Fox and Martin (1934) From the selection rules due to Placzek for the 
lattice vibrations in cubic crystals, it follows that vibrations which are active 
in the Raman effect should be inactive in the infra-red, and vice versa Hence 
It follows that the Raman frequency 1332 cm should not be observable 
in infra-red absorption Actually, however, diamonds of type 1 exhibit a 
strong absorption in this region, and it is seen from the data reproduced in 
the paper of Robertson et al„ that the curve exhibits a very steep fall or edge 
coinciding with 1332 cm that is, with the Raman line It is therefore 
evident that the observed absorption is due to the same lattice vibration which 
gives rise to the Raman-active frequency 1332 cm which for some reason 
(not yet fully understood) is also active in infra-red absorption Diamonds of 
type II, according to Robsertson et al , do not show this strong absorption at 

1 332 wave-numbers Reinkober’s curve for such a diamond, however, exhibits 
a series of small undulations which correspond more or less exactly with the 
Raman frequencies of diamond noticed by Bhagavantam {he cit ), including 
especially the principal frequency at 1332 cm Reinkober also noticed a 
weak but significant infra-red absorption at 710 cm-^ the limit of which is 
at 760 cm As no corresponding line is observed m light scattering, it is to 
be presumed that this is a lattice oscillation which is normally inactive both 
in light scattering and in infra-rcd absorption 

4 Luminescence and Ultra-Violet Absorption 

The fluorescence and ultra-violet absorption spectra of numerous 
diamonds have been recently investigated by Nayar (1941) both at room and 
liquid air temperatures with very interesting results He finds that all 
diamonds exhibit an electronic band which becomes very sharp at hquid 
air temperature, then appearing at 4153 A U This is seen as a dark hne in 
absorption and as a bright line both m fluorescence and phosphorescence 
As a result of combination between this electronic vibration and the lattice 
vibrations in the crystal, new bands anse which appear with increased fre- 
quencies in absorption and with dimmished frequencies in luminescence. 
The differences between the electronic frequency and these subsidiary absorp- 
tion and emission frequencies enable us to evaluate the lattice frequencies 
of diamond. Of these bands, by far the most intense are two, shifted from 
the position of the electronic band by 780 cm'* and 1332cm'** respectively. 
These are accompamed by fainter compamons adjacent to them with smaller 
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frequency shifts The other bands of higher frequencies are very weak and 
diffuse and may be explained as overtones and combinations As has been 
pointed out by Nayar, there is a general correspondence between the lattice 
frequencies deduced from ultra-violet absorption and luminescence data and 
from the Raman effect results on the one hand and the infra-red absorption on 
the other We are thus clearly justified by the spectroscopic data in assuming 
that the fundamental lattice vibrations in diamond fall into two groups with 
representative frequencies 1332 cm~^ and 780 cm“’ respectively 

5 Vibrations of the Diamond Lattice 

The diamond lattice, as is well known, consists of two interpenetrating 
cubic face-centred lattices, in which each of the carbon atoms belonging 
to one lattice is bound to its four nearest neighbours in the other 
lattice at the tetrahedral valence angles We can recognize in this structure 
cubic cells with edges 3 S6l A having four atoms withm the cell, six at the 
centres of the faces and eight atoms at the corners The eight comer atoms 
are equivalent to one atom, the six face-centre atoms to three, which with the 
four atoms inside make eight atoms per unit cell Of these, the four belong- 
ing to one lattice he within the cell and the remaining four are shared with the 
neighbouring cells. 

The possible modes of vibration of the diamond lattice may be looked 
at from two entirely distinct points of view The first would be to ignore the 
crystalline structure, and following Debye to treat diamond as a continuum 
traversed by longitudinal and transverse waves This idea of the contmuum 
would be appropriate only so long as the wave-length of the acoustic waves 
IS many times greater than the largest atomic spaemgs of the crystal The 
considerations of Debye, however, cease to represent the position even 
approximately when the wave-length of the oscillations considered is not 
greater than four times the atomic spacing Vibrations of higher frequencies 
should be pictured in quite a different way 

Considenng the 8 atoms in the cubic cell, we can imagine these to oscil- 
late against each other in such manner that their centre of gravity remams at 
rest. It being further assumed that the corresponding atoms in all the cells 
oscillate with the same frequency and phase Nagendra Nath (1934) has dis- 
cussed and evaluated the frequency of a particularly simple type of vibration, 
namely that in which the two interpenetratmg face-centred cubic lattices 
forming the diamond structure oscillate with respect to each other as rigid 
wholes. He has shown that such a vibration can be identified with that 
giving rise to the Raman Ime 1332 cm The expression for the frequency 
of this line obtained by him may be put in the form 

(K+8K«). 


V 


0 ) 
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where M is the mass of the carbon atom and K, are force constants denot- 
ing primary valence (four nearest atoms) and directed valence respectively. 
If we give reasonable values to K and K^. the frequency turns out to be of the 
same order as the observed Raman frequency of 1332 wave-numbers 
Yenkatrayudu (1938) has shown on the group theory that such an oscillation 
of the interpenetrating lattices should be active in the Raman effect 

Regarding the two interpenetrating facc-centred cubic lattices as single 
units oscillating against each other, it would follow that such oscillation 
being triply degenerate would represent three out of the six degrees of freedom 
of such a system We may therefore assign half the total number of degrees 
of freedom in the crystal to the group of frequencies of which 1332 cm is 
regarded as representative The degrees of freedom associated with each 
unit cell being twenty-four, twelve are thus attached to the 1332 cm group 
of frequencies The three degrees of freedom of translation of the unit cell 
would be associated with the superlattice frequencies Nine degrees of 
freedom would thus be left over for the group of vibrations of which 
780 cm IS representative It is worthy of remark that this division of 24 
degrees of freedom into 12, 9 and 3 runs parallel to the division of the 8 
atoms of the cell into 4, 3 and 1 respectively within the cell, at the face- 
centres and at the corners The vibrations of frequency 780 cm are no 
doubt to be described as oscillations of the atoms in each facc-centred lattice 
amongst themselves 

6 Superlattice Fiequencies 

It now remains to associate the superlattice frequencies with the three 
translations of the unit cell in the crystal The fluorescence and absorption 
spectra studied by Nayar exhibit other features besides the intense bands 
having their heads at 1332 and 780 wave-numbers which we have taken to 
be representative of the lattice frequencies Most noticeable amongst these 
other features is a fairly bright band sharply limited at S32 wave-numbers, 
and followed by a succession of fainter bands We shall take the frequency 
of 532 wave-numbers as representative of the superlattice frequencies of the 
first order Nayar’s plates also show two feeble bands of approximately 
equal intensity displaced by 178 and 258 wave-numbers respectively from 
the electronic band We shall take the mean of the two, namely 218 as 
representing the superlatticc frequencies of the second order Of the 
24 degrees of freedom of translation of the 8 cells included m the super- 
lattice, 21 are associated with the first order and 3 with the second order 
The atomic heat C„ of diamond is accordingly expressed by the formula 

(5S) + (&) I ® (ct) + B ® (^)] 
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where vg, v,, are respectively 1332, 780, S32 and 218 in spectroscopic 
units Here, E denotes the Einstein function, R is the gas constant, h and 
k are Planck's constant and Boltzmann’s constant respectively The values 
calculated from relation (2) have been given in Table 1 

To compare the calculated values of with the accepted expenmental 
values of Cp, we have to subtract from the observed values the difference 
(Cp — Cp) In the case of Pitzer’s data this amounts to 0 001 cal / "C 
in the last four observations, the difference being even less at lower tempera- 
tures This correction has been made in the values given in the table Magnus 
and Hodler have corrected their own data and the values of as given by 
them, have been reproduced in the table 

Table I 

Comparison of the Calculated and the Experimental Values 



70 

16 

75 

37 

81 

59 

88 

65 

96 

68 

105 

1 

113 

0 

125 

3 

134 

3 

144 

1 

153 

7 

162 

8 

173 

3 

182 

0 

191 

4 

200 

9 

211 

8 

231 

1 

241 * 

1 

252 

4 

264 

3 



On comparing the values calculated from Debye’s formula 
1332 cm “V with those obtained from the spectroscopic data, we notice that 
till about 100** K. the two results agree closely Above 100° K. and up to 
about 400° K. the values given by Debye’s formula progressivdy fall off, the 
difference between the two calculated values ranging up to as much as 13%. 
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From 400° K to 1100° K the values according to Debye are consistently 
higher than those calculated from the spectroscopic data The difference, 
however, never exceeds 2% 

When we compare the calculated values with the observed ones, we find 
excellent agreement between the spectroscopic values and the expenmental 
data throughout the temperature range covered by Pitzer and indeed precisely 
m the region where the values given by the Debye formula show the largest 
deviations from the observed ones This situation is exhibited graphically in 
Fig 1 , the crosses indicating the observed values, while the full line and the 



dotted line represent the values calculated from the spectroscopic frequencies 
and Debye’s formula respectively 

The agreement between the spectroscopically calculated atomic heat and 
the data of Magnus and Hodler is quite good except in the lowest part of the 
temperature range covered by the work of these authors where the latter are 
a few per cent higher. It may be remarked, however, that the values of 
Magnus and Hodler run a little higher than those of Pitzer in this range 
It seems possible therefore that Magnus and Hodler’s data are systematically 
a little too high In any case, little importance can be attached to the small 
deviations (not larger than about 2%) between the experimental data and the 
spectroscopically calculated values that appear in the range between 400° K. 
and 1000° K. ; for, on the one hand, Magnus and Hodler have assumed that 
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the factor A in the semi<empincal formula, 

C^-C„ - AC%T, 

IS constant over the whole range covered by them, and on the other hand, we 
have not taken into account the lowering of the spectroscopic frequencies with 
the rise of temperature 


In conclusion, the author wishes to record his deep sense of gratitude to 
Professor Sir C Y Raman for his helpful interest and suggestions throughout 
the preparation of this paper 


Summary 

It is known that the atomic heat data of diamond are not satisfactonly 
represented over the entire range (covered by the data) by a single Debye term 
assuming some one value of the limiting frequency of the elastic spectrum 
In the present paper it is shown that the formula fails because Debye’s hypo- 
thesis does not correctly represent the vibration spectrum of this crystal The 
lattice spectrum of diamond is in fact shown by the Raman eHect studies of 
Bhagavantam and the luminescence and ultra-violet absorption spectra studied 
by Nayar to consist of monochromatic frequencies down to much below 
the limiting frequency of Debye The atomic heat data obtained by Pitzer 
agree perfectly with a formula containing Einstein terms corresponding to the 
spectroscopically observed frequencies of the lattice, namely 1332 cm'-* and 
780 cm “* and superlattice frequencies of 532 cm “* and 218 cm ■■*, their 
relative weights being 4, 3, 7/8 and 1/8 respectively as mdicated by dynamical 
considerations 
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1 Introduction 

In the form originally given, Debye's theory disregarded the crystalline 
nature of substances altogether Its complete failure to account for the 
specific heats of metals crystallising in the hexagonal system was later 
ascribed to the anisotropy of single crystals of these substances which 
would, in general, give a different wave velocity and hence a different 
limiting frequency for each direction On a close examination, however. 
It is found that the specific heat curves of such solids cannot always be 
represented in such a manner If we replace the sum of a number of 
Debye functions by only one such function, but with a vanable parameter, 
the latter would he closer to the one appearing in the Debye function with 
lowest parameter at low temperatures, and mcrease as we go higher up 
This IS shown in the graph (Fig 1) which represents the sum of two Debye 
functions (0=400 and 0=200) with only one parameter The 0 Debye 
curves of zinc and cadmium do show such a behaviour through a large 
range of temperature in which it increases with temperature In magnesium, 
however, the case is just the reverse It is well known that the Einstein 
function increases more rapidly as the temperature is raised than the 
Debye function. The above behaviour of magnesium, therefore, definitely 
points to the presence of a low-frequency monochromatic oscillation which 
will increase the specific heat at higher temperatures to a larger extent than 
would be done by one single Debye function [Cf. Fig 1 where 0i, curve 
represents the siun of an Einstein function (0 = 200), and a Debye function 
(0 = 250)) 

In an earlier paper of this series the author has shown that the specific 
heat formula for all metals in the cubic system must necessarily include one 
or more Einstein functions corresponding to the symmetry of their crystal 
structure. In the present paper this work is extended to three metals crystal- 
lising m the hexagonal system. 
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Curve A-^n to represent |R j^D 4 D (^)] 

Curve B-Ad to represent |R [d (“*) ' ® (T)] 

2 Relation to Crystal Structure 

All the three metals now under consideration have a hexagonal struc- 
ture m which there are two atoms per unit cell The positions of the atoms 
when referred to hexagonal axes arc 0, 0, 0 and ^ There are six degrees 
of freedom for the basis group, three of which represent the tianslations 
of the whole cell in different directions The remaining three naturally go 
over to the lattice frequencies, which may be pictured as arising from the 
mutual oscillations of the two atoms In the single crystals of these metals, 
most of the properties such as thermal expansion and elastic constants are 
strongly anisotropic, the values along the hexagonal axis being completely 
different from those in directions parallel to the basal plane In the basal 
plane itself, no particular axis is favoured In such a case we are obviously 
not justified in taking one representative Einstein frequency for all the three 
degrees of freedom. We have therefore taken two Einstein frequencies, the 
lower of which corresponding to movements parallel to the hexagonal axis 
is assigned one degree of freedom, while the higher one is assigned two 
degrees of freedom As already explained in the previous papar on metals 
crystallismg in the cubic system, we have also to include the contributions 
due to a series of superlattice frequencies For simplicity we will ignore 
the splitting of these frequencies due to anisotropy The formula for specific 
heat then becomes, only four orders of superlattice frequencies being taken, 
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The total contribution of superlattice frequencies is given in the second 
column of the following tables 


3 Evaluation of Specific Heats 

(а) Magnesium — 

v, = 6 49 X 10», 3-55 x 10« v, =4 92 X 10**, 

v4=2 32 X 10**, V8= v,= l-05 X 10** 

(б) Zinc — 

5 23 X 10**, 1 92 X 10**, v3=3-35 x 10**. 

1 47 X 10**, v»=0 88x 10**, v,*0 36x 10**. 

(c) Cadmium — 

Since the values of C„ are not given in the paper of Lange and Simon 
from which the experimental data are taken, they were calculated by the 
usual formula 

C^- C,= A Cp* T, where A= 

(as= coefficient of linear expansion, V « atomic volume, J = mechanical equi* 
valent of heat, k = compressibihty ) The constants used were (all to 0“ C ) 

A:* 2*27 X 10-** C^=5*32 

o«38x 10-* V « 13 0 

A was found to be 4 7 x 10“* 

vi« 3 55 X 10**, vs= 1 17 X 10**, V, = 2 34 X 10*», 

*'4*' »'#= ve*=0 84 X 10** 

4 Remarks on the Frequencies Assumed 

Table IV compares the lattice frequencies with those obtained from 
the Lindemann melting point formula In the case of magnesium, the fre- 
quency obtained from the Lindemasn melting point formula is practically 
the same as has been used for specific heat evalautions, but in the other 
two cases it is nearly equal to the average of the two frequencies. This is 
presumably connected with the difference in their structure. Magnesium 
IS a close-packed structure representing the way m which a number of 
spheres could be most densely packed together The packing m anc and 
cadmium on the other hand is rather loose, the axial nuto c/o being much 
larger than is the case with magnesium This diffaence is also refl ec ted 



Table I Magnesium 

Experimental Data of Clusius and Vaughen (1930) 
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Tabub II: Zinc 

Expenmental Data of Keesom and Ende (3-2 to 20)“ K and Clusius and Harteck (21-9 to 201 9)“ 
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Table IV 

Comparison of Frequencies 


i 

Frequency from 
Lmdemann 

Frequency 

used 

Subttancj 

i-xlO ** 

deg K 

pxlO “ 

deg K 

Magnfiium 

6 31 

302 

6 49 
3 55 


310 

170 

Zinc 

3 87 

185 

S 23 
1 92 


250 

92 

Cadmium 

2 43 

116 

3 55 

1 17 


170 

56 


m the fact that whereas the lower frequency of magnesium is a little more 
than half of the higher, in the other two cases the ratio of the higher to the 
lower frequency is 3 1 nearly 


In conclusion the author wishes to express his grateful thanks to 
Professor Sir C V Raman, Kt , f r s , n l , for the interest he has taken 
in the work 

5 Summary 


The specific heat curves of the metals having hexagonal structure can* 
not always be expressed in terms of a Debye function even when the anisotropy 
of the crystals is taken into account. It has been shown that monochromatic 
Einstein frequencies must be present in order to explain the peculiar shapes 
of these curves At least two such frequencies must be present, the smaller 
of which corresponds to movements of the atoms parallel to the hexagonal 
axis, the higher to those in the basal plane The specific heats of such 
metals can, therefore, be calculated by taking two lattice frequencies, the 
lower of which is given one and the higher two degrees of freedom Einstein 
terms corresponding to superlattice frequencies of rapidly diminishin g weight 
have also to be included Such calculations have been made for magne s ium , 
zinc and cadmium and are found to show an excellent agreement with 
experimental results. 

REFERENCES 


1 Dayal 

2 Quuus and Harteck 

3 Keesom and Ende 

4 Lange and Simon 

5 . Cluaiui and Vaughen 


. Proe Ind Acad Se IMl, 14. 

Ps f Phys Ounde, 1928, 134, 256 
Leldin Comnmieattons, 1932, No. 219 b. 
Zs f Phys ehmh, 1928, 134, 376. 

.. J Am Chm Soe*, 1930, S3, 4686. 











THE THERMAL ENERGY OF CRYSTALLINE 
SOLIDS ; QUARTZ 

By R Norris 

(From the Department of Physics, IntUan Institute of Science, Bangalore) 

Received November 10 .1941 
(Communicated by Sir C V Raman, Kt , f r a , n l ) 

7 Introduction 

Saxena (1940) earned out a detailed analysis of the Raman and mfra-red 
speetra of quartz and identified the twenty-four fundamental frequencies of the 
quartz lattice, assuming that the three silicon and six oxygen atoms forming the 
basis group vibrate in identically the same way in all the lattice cells of the 
crystal Each of the fundamental frequencies of the lattice represents an 
Einstein function in the expression for the specific heal of the crystal which 
can therefore be evaluated by summing up the functions That Saxena's 
identification of the fundamental frequencies is correct is indicated by the 
satisfactory agreement of the specific heats thus calculated by him with those 
experimentally determined over a wide range of temperatures It is to 
be remarked that the three degrees of freedom (out of the total of twenty- 
seven) remaining unrepresented by Einstein terms appear in Saxena’s expres- 
sion for the specific heat as a Debye term A characteristic Debye tempera- 
ture of 204° T corresponding to a limiting frequency of 142 cm was chosen 
by him as giving the best fit with the experimental data, without considering 
the question whether this assumption could be reconciled with the known 
elastic constants of quartz 

In view of the rather arbitrary choice of the Debye limiting frequency 
made by Saxena, the specific heat data of quartz are further examined in 
the present paper. The situation is best exhibited by deducting from the 
observed specific heats the sum-total of the contributions of the 24 Einstein 
terms and comparing the differences thus obtamed with the Debye function 
assumed The tabulations necessary for this purpose are made in Table I. 
Here the specific heats in calories per gram molecular weight (180*9 gm 
for 3 SiOa) are shown, the data from 25° 8 T to 36° 1 T. being taken from 
the early work of Nernst, the values from 53° *4 T to 296° 1 T. from the recent 
work of Anderson (1936), and the values atstill higher temperatures from the 
observations of Moser (1936) The last column of Table I thus shows the 
residual specific heat due to the three unassigned degrees of freedom. It will 
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Table I 


1 

2 

3 

4 

5 

6 

Absolute 

tempe- 

rature 

TO 

Total 
specific 
heat Cp 
observed 

Cf- 

-Cv 

Total 
specific 
heat Cg, 
observed 

Internal 

vibrations 

contribution 

Cvg-Cv, 

2S 8 

1 2S 



1 25 

0 17 

1 08 

28 75 

1 56 



1 56 

0 28 

1 28 

31 2 

1 58 



1 58 

0 40 

1 18 

36 1 

2 38 



2 38 

0-69 

1 69 

53 4 

4 65 



4 65 

2 05 

2 60 

60 3 

5 56 



5 56 

2 71 

2 85 

80 0 

8 58 



8 58 

4 63 

3 95 

98 9 

11 04 



11 04 

6 70 

4 34 

122 1 

14 29 



14 29 

9 33 

4 96 

156 2 

18 69 



18 69 

13 12 

5 57 

184 8 

21 99 



21 99 

16 09 

5 90 

216 1 

25 07 



25 07 

19 08 

5 99 

252 1 

28 49 

0 

15 

28 34 

22 20 

6 14 

272 0 

30 54 

0 

20 

30 34 

23 76 

6 58 

296 1 

31 74 

0 

25 

31 49 

25 56 

5 93 

316 5 

33 84 

0 

27 

33 57 

26 97 

6 60 

381 1 

37 24 

0 

40 

36 84 

30 85 

5 99 

428 8 

39 66 

0 

50 

39 16 

33 18 

5 98 

475 8 

41 88 

0 

63 

41 25 

35 04 

6 21 

565 3 

45 54 

1 

00 

44 54 

37 86 

6 68 


48 56 

1 

74 

46 82 

40 26 

6 56 

777 3 

52 71 

4 

03 

48 68 

41 84 

6 84 

808 6 

54 95 

5 

88 

49 07 

42 21 

6 86 


be noticed that this reaches the limiting value of S *96 at about 200° T , remains 
approximately constant upto about 428° T and then definitely rises beyond 
the limit at higher temperatures The last column of Table 1 is carried over 
to the second column of Table 11 for comparison with the theoretical values 
obtained in different ways In column three are shown the values calculated 
from the Debye function assumed by Saxena It will be seen that over the 
range from 31° T. to 122° T. these are definitely in excess of the observed 
values by ten to twenty-five per cent In the hope of finding an explanation for 
this discrepancy, the present author has evaluated the Debye limiting frequency 
from the known clastic data for quartz in different directions The charac- 
teristic temperature calculated in this way comes out to be 271° T. corres- 
ponding to a limiting frequency of 189 cm The values of the correspond- 
ing Debye function are tabulated in column four of Table IT. It will be seen 
that the situation is now reversed, the calculated values being considerably 
smaller than the experimental values. The differences become larger as we 
approach the lower end of the temperature range covered by Anderson’s 
experimental data, while the calculated values are altogether too small in 
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Table II 


1 

2 

3 

4 

5 

Absolute 1 

temperature 

T," 

Observed 

Cv-Q, 

1 

3 RD 


“(rlf) 

+JRE(^)' 

25 8 

1 08 

0 85 

0 39 

0 74 

28 75 

1 28 

1 10 

0 53 

0 95 

31 2 

1 18 

1 32 

0 66 

1 14 

36 1 

1 69 

I 78 

0 96 

1 52 

51 4 

2 60 

3 16 

2 14 

2 78 

60 3 

2 85 

3 57 

2 57 

3 19 

80 0 

3 95 

4 40 

3 57 

4 07 

98 9 

4 34 

4 87 

4 20 

4 61 

122 1 

4 96 

5 20 

4 72 

S 02 

156 2 

5 57 

5 48 

5 14 

5 36 

184 8 

5 90 

5 61 

5 36 

5 52 

216 I 

5 99 

5 70 

5 52 

5 63 

252 1 

6 14 

5 77 

5 62 

5 71 

272 0 

6 58 

5 79 

5 68 

5 76 

296 1 

5 93 

5 81 

5 71 

5 78 

316 5 

6 60 

5 83 

5 74 

5 80 

381 1 

5 99 

5 87 

5 81 

5 85 

428 8 

5 98 1 

5 89 

5 84 

5 86 

475 8 

6 21 ! 

5 90 

5 86 

5 87 

565 3 

6 68 

5 92 

5 88 

5 90 

670 0 

6 56 

5 93 

5 91 

5 90 

777 3 j 

6 84 

5 93 

5 92 

5 91 

808 6 

6 86 

5 93 

5 92 

5 92 


• n IS a superlattice iVequency 69 cm and 9 % is another superlattice frequency 145 cm.-^ 
(in spectroKopic units) 


the range covered by the data ofNernst It is thus evident that the Debye 
function calculated from the elastic constants altogether fails to represent the 
specific heat at low temperatures 


Y 



Sohafer-Bergniana pattern for quartz 
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2 Calculatton of the Debye Limitmg Frequency 

The total number of vibrations whose frequencies lie between v and 
f + in an anisotropic solid of volume V is according to Bom 

dz-VFv* dv. 


where F 




I 


+ ^ dQ, the integral being taken over the 

complete solid angle of 4r. Here Q, Cg and Cs arc the three elastic wave 
velocities associated with the particular direction, as given by the three real 
roots of the secular equation of the third degree due to Christoifel The Debye 

^ Thus, if the integrand 


limiting frequency is thus given by /^VF 
appearing in the expression for F is averaged over the whole solid angle of 4ir 


and if this average is then the limiting frequency can be written as 

V,, 



The value of can be found making use of the diffraction patterns 

'“■I 

given by a quartz crystal vibrating at ultrasonic frequencies These patterns 
have been obtained by Schsefer and Bergmann (1935) in the form of three 
curves whose radii vectores are proportional to the reciprocal of the velocities 
of the elastic waves along the respective directions The scale of the curves 
can be evaluated with the aid of the known velocities along particular direc- 
tions, such as the X, Y and Z axes This can be done by solving the Chris- 
toffel equation and using the known values of the six elastic moduli of 
quartz The latter have been determined by Voigt by numerous experiments 
to beC„ = 854 6, Cm= 1056 2, 571 -2, 72 5, C„= 143-5, 

Ci 4 « 168 2, expressed in 10* dynes per sq cm It may be remarked here 
that Bechmann (1934) has also found the velocities of the elastic waves m 
quartz along certain directions, by measuring the characteristic frequencies 
of piezoelectncally excited plates of the crystal 


Figs 1 to 5 represent the Schsefer-Bergmann patterns given by quartz 
for five different orientations of the crystal These figures have been drawn 
making use of the drawings and photographs reproduced in their paper for 
three cases out of the five Various alterations have however bad to be made 
in the diagrams given by Schsfer and Bergmann which did not correctly 
represent the situation as found from the Christoifel equation and Voigt's 
elastic constants Fig 1 represents the pattern for a plate* cut normal to the 
triad axis, while Figs 2, 3, 4 and 5 refer to a plate parallel to the triad axis, 
but incUned to the XZ planes at angles of 0°, 10*’, 20° and 30° respectively. 
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Flo 4 FJo. 5 

Figs 2-5 

Schafer-fiergmann pottenis of quartz 


In view of the hexagonal symmetry of the pattern shown in Fig t. Figs 2 to 
S were drawn to enable the entire three-sheeted surface to be visualised The 
sum of the cubes of the three radii vectors of this surface averaged over planes 
at intervals of 10“, namely 0®, 10®, 20®, 30®, 40® and 50® gave the complete 

average over the whole solid angle The general averagevalue of ^ in each of 

these planes was found to be 10~^* x 34 2, 34 8, 34 3, 35-4, 34 3 and 34*8, 
respectively. The general average was thus 34 6 x 10"“ Using this value, 
the Debye limiting frequency comes out as 189 cm'*, corresponding to a 
temperature of 271 ® T. 

3 Superlattice Frequencies of Quartz 

The failure of the Debye theory is evident on comparison of the figures 
in the second and fourth columns in Table II Since the elastic constants of 
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quartz are precisely known, it can scarcely be suggested that this failure can 
be regarded otherwise than as definitely indicating the unjustifiable char- 
acter of the assumptions on which the Debye theory is based Mr Saxena’s 
investigation shows that twenty-four out of the twenty-seven degrees of free- 
dom of vibration of the lattice cell are represented by discrete or mono- 
chromatic frequencies of vibration Since the bonds which link the lattice 
cell together are of the same nature as those that j'oin the atoms within the 
cell, It must be presumed that even the three remaining degrees of freedom 
of translation of the lattice cell must also be represented by discrete super- 
lattice frequencies, as explained by Sir C V Raman in a paper appearing 
earlier in this issue A re-examination of several well-exposed Raman 
spectra of quartz obtained by Mr T. M K Nedungadi and Mr B D Saxena 
at this Institute showed some faint lines with relatively small frequency shifts, 
which had been previously overlooked The most prominent of those lines 
has a frequency shift of 145 cm This line is easily recognizable on all 
sufficiently well-exposed spectra Another line with a frequency shift of 
69 cm which is less intense is very clearly recorded in Mr Ncdungadi’s 
best plates and also in some of Mr Saxena’s photographs As they worked 
with different instruments, there can be no doubt as to the reality of this line 
A third line at 95 cm is also seen in two of Mr Nedungadi’s best pictures 
and must also be presumed to be real 

As the theory of the superlattice vibrations of quartz has not been 
worked out in detail, the statistical weight to be attached to these three fre- 
quencies in the expression for the specific heat is uncertain We must 
evidently expect a series of supcrlatticc frequencies of different orders and of 
rapidly diminishing statistical weight A consideration of the higher orders 
would be necessary for explaining the course of the specific heat curve at the 
lowest temperatures As, however, the available data go down only to 25° T , 
It should be sufficient for our present purpose to consider only the super- 
lattice frequencies of the first order The two most intense of l^e recorded 
lines, namely 145 and 69 cm may be assumed to belong to this order The 
feebler line at 95 cm is a superlattice frequency of either the first or the 
second order We shall here assume that it belongs to the second order 
Hence, to a sufficient approxunation, we need consider only the 145 and 69 
lines, and as the former is the more intense, two degrees of freedom may be 
assigned to it, and the remaining third degree of freedom to the 69 line. The 
sum of the corresponding Einstein terms in the expression for the specific 
heat at various temperatures is shown in the fifth column of Table 11 It will 
be seen that the figures are in good agreement with the unexplamed residue 
of the specific heat shown in the second column of the same table at all 
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temperatures from 31° to 428° T At the two lowest temperatures 25“ *8 and 
28° *75, the agreement is not so good, but the experimental data for these two 
temperatures are evidently unsatisfactory At high temperatures, the specific 
heat distinctly tends to be anomalous as m the case of many substances The 
explanation of the small discrepancy at high temperatures lies outside the 
scope of the present paper. 

In conclusion, the author desires to record his grateful thanks to 
Professor Sir C V Raman for the kind and valuable interest which he 
evinced towards this work 

4 Summary 

From the diffraction patterns obtained by Schaefer and Bergmann with 
quartz plates vibrating at ultrasonic frequencies, the three sound velocities 
in various directions in the crystal were evaluated Thence, equating the 
total number of possible elastic vibrations to thrice the number of lattice cells 
in the crystal, the Debye limiting frequency was ascertained as 189 cm 
A Debye function for this limiting frequency failed however to agree with the 
specific heats of quartz after allowance had been made for the contributions 
of the Einstem terms representing the discrete monochromatic frequencies of 
vibration of the lattice cell identified by Saxena (1940) The calculated 
values were much lower than the residual values of the specific heat The 
failure of the Debye theory is thus unmistakably clear The observed 
specific heats over the region of temperatures covered by Anderson's recent 
work (1936) are very satisfactorily explained by including further Einstein 
terms corresponding to the superlatlice frequencies 145 cm and 69 cm 
appearing as feeble lines in the Raman spectra of quariz 
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1 Introduction 

In a recent paper published in these Proceedings, the author (1941) has 
applied the theory of groups to the analysis of the lattice spectrum of rock- 
salt The unit cube was assumed to contain four sodium and four chlorine 
atoms, each group possessing tetrahedral symmetry The character table 
for the crystal showed that the twenty-four degrees of freedom of the atoms 
in the unit cell are distributed among eight modes of triply degenerate vibra- 
tions. One of them corresponds to the translations of the cell as a whole 
All of them being antisymmetric to the centre of symmetry, arc forbidden 
in the Raman effect Two of them appear under the symmetry class which 
is active in the infra-red, while the remaining five are inactive In the present 
paper the author proposes to discuss these results in relation to the spectro- 
scopic and specific heat data available for sodium and potassium chloride 
crystals 

2 Identification of the Lattice Frequencies of Rock-salt 

The infra-red spectra — ^Barnes and Czerny (1931) and Barnes (1932) 
have earned out detailed investigations of the infra-red absorption spectra of 
thin plates of several halides and shown that in every case there are at least 
two, if not three, absorption maxima One of them is very pronounced and 
has been identified by them as the principal vibration frequency of the crystal 
The others are relatively weak and in cases m which three are observed, one 
of them almost coincides with the rest-strahlen frequency reported by Schaefer 
and Matossi (1930) For rock-salt, Barnes and Czerny have given two 
absorption frequencies at 61 6± *3 ft (strong) and 40 5 ft (weak) Ibese 
frequencies have to be identified with the two triply degenerate infra-red 
active vibrations expected from the group-theoretical analysis of the spectrum 

The Raman Spectra —The Raman spectra of alkali halides do not ordi- 
narily yield any line as was pointed out by Schaefer (1929) and Knshnamurti 
(1930). Fermi and Rasetti (1931) have subsequently published a remarkable 
506 
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photograph together with a microphotometnc record, of the Raman spectrum 
of a single crystal of rock-salt taken with 2S37 A radiations of the mercury 
arc They have firstly made the observation that the spectrum of rock-salt 
IS very weak, an exposure time of eight hours being required with particularly 
intense irradiation whereas the strongest Raman line of calcite was recorded 
m one minute This extreme feebleness of the spectrum as well as the inabi- 
lity of Schasfer and Knshnamurti to observe the same with 4046 A U radia- 
tions is in agreement with the conclusion arrived at theoretically by the 
present author Secondly, these authors have indicated that the spectrum, 
in the main, consists of bands, one part lying in the close proximity of the 
exciting line between 0 and 50 cm and the other part lying in the region 
160 to 365 cm The region between 50 and 160 cm shows further, a weak 
continuum From their reproduced spectrum, several measurable maxima 
may be easily identified While many of them are broad, a few are com- 
paratively sharp The author has measured this spectrum and obtained the 
following frequency shifts for the middle points of the maxima 

Table I 


The Raman Frequencies of Rock-salt 


No 

Centre 
of maxima 
in cm 

Fundamental 
Frequency 
in cm 

Intensity 

(Estimate) 

Remarks 

Assignments 

1 

40 

20 

Medium 

Broad with Conti- 

Lattice Spectrum— 





nuum up to 2537 

4th order 





AU 



2 

85 

42 

Very weak 

Very broad 


Lattice Spectrum— 

3 

162 

81 

Weak 

do 


jru urusr 

Lattice Spectrum— 







2nd order 

4 

228 

114 

Very strong 

Fairly sharp 



5 

273 

136 

Medium 

do 



6 

299 

150 

Strong 

Broad 


Lattice Spectrum— 

7 

345 

173 

do 

do 


1st order 

8 

365 

183 

do 

do 




It has been pointed out by Bhagavantam and Venkatarayudu (1939) 
that the first overtone of every normal mode is active in the Raman effect 
of especially the crystals, irrespective of whether the fundamental is permitted 
or forbidden This would especially be the case for the five inactive frequen- 
cies coming under class Ft« in the character table for rock-salt For, the 
vibrations of the class F^ are Raman active and those of class F|« are similar 
to the latter except for the fact that they are antisymmetric to the centre 
of inversion, while those of F|>, are symmetric The sum of the squares of the 
A4 V 
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characters of these two classes is therefore identical and accordingly, the over- 
tones of the two classes of vibrations are equally probable As indicated 
in Table I, the five frequencies, viz , 228, 273, 299, 345 and 365 may be assigned 
to the first overtones of the vibrations of class Besides the above, three 
bands appear with peak frequencies of 40, 85 and 162 cm which are broader 
than the former These are explained in what follows, 

3 Superlatttce Frequencies for Rock-salt 

In a paper appearing in the present issue of these Proceedings, Sir C V. 
Raman has indicated that in addition to the lattice vibrations of the smallest 
unit cell, the crystal possesses superlattice oscillations of several orders, 
which in favourable cases could be recorded in the Raman spectra of crystals. 
As the group theoretical method is equally applicable to assemblages of parti- 
cles as to atoms and molecules symmetrically distributed in space, we shall 
analyse the superlattice vibrations by considerations similar to those applied 
to the unit cell itself It will be remembered that out of the twenty-four 
degrees of freedom for the sodium and chlorine atoms in the unit cell, three 
contribute to the translations of the cell as a whole When we consider siimlar 
motions of equivalent atoms in two neighbouring cells, there are two alter- 
natives, VIZ , that they may move in the same direction (i e , in phase) or in 
opposite directions (i e , opposite in phase) The symmetry of the crystal 
suggests that eight neighbouring unit cells should be treated at one time, which 
together have all the elements of symmetry possessed by the unit cell itself. 
The larger cell thus chosen (or the superlattice cell) is eight-fold in size and 
contents of the unit cell, and forms a face-centred cubic lattice The problem 
of analysing the twenty-four degrees of freedom of translation of this larger 
unit thus becomes identical with the case of rock-salt which we have already 
considered In general, it will be seen that there will be eight triply degenerate 
vibrations of which one alone is to be attributed to the translations of the unit 
as a whole The remaining seven frequencies may be said to form the lattice 
spectrum of the second order Taking thirty-two atoms (of Na and Cl) in 
this greater cell, the group theoretical analysis may be carried out rigorously 
Simple considerations however, lead to the ultimate result that each of 
the seven normal modes of the primary cell, while retaining their nature and 
frequency nearly the same, become each eight-fold, with the phase of vibra- 
tion in different cells being the same or opposite as the case may be. In addi- 
tion, we will get seven discrete frequencies characteristic of the supcrlatUce of 
the first order We can now repeat the process to superlattices of higher 
orders, each successive step yielding seven triply degenerate disaete frequen- 
cies together with three degrees of translation as a whole. 
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The efTect of the superlattice vibrations on the normal modes of the 
smaller unit cell is to multiply each of the latter several>foId Each line in a 
crystal thus theoretically represents a group of nearly identical frequencies 
and should accordingly appear broadened This is in accordance with the 
experimental fact observed in several cases that the lattice Raman lines are 
generally broader than the internal vibrations of molecules or radicals 
(Venkateswdran, 1938), the latter remain comparatively unaffected by the 
surroundings due to the much greater strength and stability of the chemical 
bond involved 

Tt IS common knowledge that the possible frequencies of an atomic group 
are the closer together, the greater the atomic masses and the smaller the 
forces between them We should accordingly expect each group of superlattice 
vibrations to consist of a fairly narrowband of frequencies Three Raman 
bands with their centres at 162, 85 and 40 cm appearing in the spectrum of 
rock-salt (Table I) may therefore be taken as representative of the lattice 
spectra of the second, third and fourth orders As in the case of the lattice 
vibrations of the first order and for the same reason, these frequencies should 
be taken as the octaves, the fundamentals being respectively 81, 42 and 
20 cm 

4 The Specific Heat of Rock-salt 

It is obvious from the foregoing discussion that in calculating the thermal 
energy of the crystal, Einstein functions corresponding to the seven triply 
degenerate frequencies of each order of the lattice spectra should be taken 
into account, as these spectral lines are essentially discrete in character. As 
there are four NaCl groups in the unit cell, the contribution to the molar 
specific heat arising from the lattice vibrations of the first order is 

iA’SRECOi) 

where the 9^s are given by the frequencies and the temperature of obser- 
vation The second order lattice spectrum will yield 

4-\2:i’3RE(<»s), 

the third, 

and so forth Hence, 

(molar) - J 3 R E (tfO 3 RE (»,) 

+ ^ 1 ^ 3 R E (^j) -1- etc 
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From the infra-red and Raman spectra we have identified the follow- 
ing seven frequencies for the first order lattice spectrum of rock-salt*161, 247, 
114, 136, 150, 173 and 183cm“^ These give the As there is at 
present no spectroscopic method of ascertaining all the seven frequencies 
belonging to higher orders, it will be assumed, as a first approximation, that 
they may each be represented by a single frequency for the purpose of the 
calculation of specific heat The three Raman frequencies given in Table I, 
VIZ , 81, 38 (instead of 42) and 20cm"^ are chosen for ffg, 0, and 0^ In 
addition, 1 3 cm is chosen as the representative lattice frequency of the 
fifth order from a perusal of the specific heat data at 20° absolute 

5 Table of Specific Heats for Jtock-salt 

Assuming the above values of frequencies. Table II exhibiting the specific 
heats IS prepared for rock-salt for the temperature range of 10°— 300° T 
The experimental values of specific heat are taken from Landolt and Bbrnstein 
Tabellen, and corrected for the work done for the expansion ef the crystal 
by making use of the relation C^— €„= 2 7x C^*x Tx 10-® per gram 
atom, given in the Handbuch der Experimental Physik 

6 The Specific Heat of Sylvine 

Exhaustive data for the specific heat of potassium chloride are given 
by Keesom and Clark (1935) from 3° to 17° T and by Southard and Nelson 
(1933) from 17° to 285° T and are therefore, particularly suitable for the 
verification of the above expression for the specific heat of crystals The two 
infra-red active frequencies recorded for this crystal by Barnes and Czerny 
are 141 and 212 cm-* corresponding to the absorption maxima at 70 7/4 
(strong) and, 47/4 (weak) Unfortunately the Raman spectrum of sylvine 
has not been recorded as m the case of rock-salt However, the remaining 
frequencies could be deduced from those of the latter on the assumption that 

V 2ff Since the force between K+ and Ch is Coulombian, it may be 

varies as the square of the distance between the atoms, i e , half the edge of 
the unit cube This gives the relation 

»>Kci _ # ^14)* X 13^5 0 70 

Vn.c. V(3"14)*x 18 61“ 

The corresponding ratio of the infra-red active frequencies being 0 86, it may 
without serious error be assumed that the average ratio of 0 78 may be used 
for the purpose of calculation The frequencies of the lattice spectrum of 
the first order for KCl thus obtained are = 141, v^— 89, i» 4 — 107, 

vj*= 116, >•*= 135 and i' 7 =* 143 cm The representative frequencies chosen 
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Tabus 


The Speafic 


Temp ♦ 
in 

Degrees 

Absolute 

Values 

! 

\ S Bx 

202 

304 

128 

153 

167 

194 

205 

2 99 

3 52 

4 01 

4 6 

5 14 

5 72 1 

6 52 

7 65 

8 

9*23 

10 06 


! 

0027 





0007 


* These temperatures were chosen out of the numerous 


Tabib 


Temp T* C 

202 

304 

128 

153 

167 

194 

205 

13 55 

14 73 

1 

0013 


0435 

0776 

0093 

0196 

1 

0041 

0093 

0035 

0079 

0011 

16 67 

0048 


166 

051 

027 

0237 

0043 

21 21 

0392 

044 

521 

221 

138 

053 

034 

32 41 

456 

1 88 

1 277 

932 

546 

430 

39 86 

974 

168 

2 701 

1 97 

1 641 

1 118 

932 

49 27 

1 715 

466 

3 502 

2 815 

2 482 

1 877 

1 660 

59 61 

2 564 

956 

4 120 

3 531 

3 218 

2 616 

2 414 

69 92 

3 086 

1 493 

4 552 

3 916 

3 772 

3 308 

2 946 

79 11 

3 557 

1 970 

4 819 

4 396 

4 176 

3 626 

3 517 

89 28 

3 957 

2 458 

5 041 

4 686 

4 490 

4 096 

3 902 

101 31 

4 312 

2 954 

5 222 

4 942 

4 770 

4 433 

4 285 

121 41 

4 751 

3 626 

5 442 

5 237 

5 104 

4 845 

4 719 

141 17 

5 036 

4 108 

5 568 

5 405 

5 303 

5 104 

5 011 

163 45 

5 244 

4 536 ; 

5 662 

5 534 

5 467 

5 303 

5 232 

179 76 

5 370 

4 718 

5 717 

5 608 

5 533 

5*425 

5 353 

201 32 

5 483 

4 942 

5 750 

5 676 

5 624 

5 602 

5 476 

240 7 

5 645 

5 219 

5 816 

5 756 

5 724 

5 648 

5 608 

284 7 

5 711 

5 279 

5 826 

5 813 

5 788 

5 732 

5 704 

Maximum 

6 

6 

6 

6 

6 

6 

6 
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III 


Heats of Sylvine 


80 


2^ 

[ 

1 

9(1+ 97 . 
etc 

Total 

Cf, (molar) 
Calcu- 
lated 

Exj^ri- 

mental 



00072 



0016 

00206 


00024 

00156 



0029 

00338 


00074 

00256 

OOIOI 


0046 

00470 



00397 

00124 


0076 

00724 


00315 

00534 



0102 

0101 


0057 

0067 

0016 


0143 

0145 

0009 

0108 

0085 

0017 

00032 

0219 

0191 

0041 

0204 


0019 

0003 

0373 

0368 

0058 

0238 


0020 

0003 

0430 

0460 

0169 

0391 


0021 

0003 

0710 

0620 

0291 

0449 


0022 

0003 

0907 

0840 


data available, at regular intervals 


Ul(Contd) 


i £ $i 

l6 

4i 

2i 

xi 

Qv 

Calcu- 

lated 

Cv 

Ob- 

served 

0151 

1248 

0773 

0164 

0023 

236 

238 

*0292 

1697 

•0862 

0169 

0024 

304 

310 

0692 

2511 

0984 

0176 

0024 

439 1 

438 

252 

4477 

1186 

0186 

0025 

839 

842 

1 391 

*8024 

1417 

0196 

0025 

2 357 

2 358 

2 376 

9410 

1488 

0199 

0025 

3 488 

3 52 

3 629 

1 051 

1533 

0200 

0025 

4 856 

4 91 

4 855 

1 122 

1563 

0201 

0025 

6 156 

6 30 

5 768 

1 168 

1581 

0202 

0025 

7 117 

7 33 

6 515 

1 198 

1591 

0203 

0026 

7 895 

8 12 

7 205 

1 222 

1599 

0203 

0026 

8 610 

8 77 

7 729 

1 237 

161 

0204 

0026 

9 150 

9 35 

8 431 

1 256 

161 

0204 

0026 

9 871 

10 04 

8 884 

1 268 I 

16! 

0205 

0026 

10 336 

10 60 

9 245 

1 275 

162 

0205 

0026 

10 705 

10 96 

9 431 

1 280 

162 

0205 

0026 

10 90 

11 13 

9 638 

1 283 

162 

0205 

0026 

11 106 

11 32 

9 854 

1 290 

162 

0205 

0026 

11 329 

11 58 

9 963 

1 295 

162 

0205 

0026 

11 443 

11*72 

10 5 

1 3125 

1 

1643 

0205 

0027 

12 
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for the second to the fifth orders are respectively 56, 29, 15, and lOcmr^ 
It will be noticed that these latter frequencies for the two salts are nearly in 
the ratio 1 0 78 The lattice spectra of orders hi^er than five are assumed 
to make their maximum contribution of 00032 calories per gm mol per 
degree Cp — Cp for sylvine is given by 2 x 10"® calories per gram atom. 

7 Significance of the Results 

The failure of Debye's theory of specific heat in these two cases is well 
known Following Born’s theory, Blackman (1935), Kellermann (1941) 
and others have sought to explain this latter as due to a variation of 
the characteristic temperature of the cyrstals Keesom and Clark (1935) 
have pointed out that this variation of characteristic temperature is anomalous 
in the case of sylvine at low temperatures Important deviations from the 
Debye formula in the case of rock-salt have been reported by Clausius, 
Goldman and Perlick (1934) It will be seen from Tables 11 and III that the 
values of specific heats calculated on the basis ol the spectroscopic facts 
agree reasonably well with the observed data for both the crystals throughout 
the whole range of temperature, which in the case of sylvme nearly approaches 
the absolute zero The investigation thus clearly demonstrates that the 
present approach to the theory of specific heat should replace the earlier ones 
due to Debye, Born and others 

An examination of the contributions to the thermal energy of each of 
the orders of the lattice spectra reveals interesting features, giving an insight 
into the distribution of the thermal energy at various temperatures The 
contributions by orders higher than five become significant only at 
extremely low temperatures (less than 5° T ), the contribution of the first 
two orders of spectra then vanishing As the temperature is raised to 50° 
for rock-salt and 40® for sylvine, the fifth and the fourth orders attain their 
maximum value of 0026 and 0 205 respectively The contributions of the 
second and the third orders increase less quickly, becoming the maximum at 
about 100® T. At room temperature, practically 6/7 of the total energy 
(i c , 10 5 out of 12) IS due to the lattice vibrations of the first order The 
whole of the thermal energy of the crystal can be represented by considering 
a superlattice cell of edge length 50 x 10 'em 

In conclusion the author wishes to thank Sir C V Raman for his keen 
and abiding interest in the work 


Summary 

The character table for rock-salt derived from the theory of groups ai^lied 
to the unit cell containing four atoms of sodium and four atoms of chlorme, 
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gives eight triply degenerate normal modes of vibrations One of them corres- 
ponds to the translations of the cell as a whole, two are infra-red active and 
Raman inactive, and five are inactive both in the Raman and the infra-red. 
The overtones of the latter five modes should however, appear in the Raman 
effect This analysis of the vibration spectrum of the rock-salt structure 
gives a complete explanation of the infra-red absorption spectra of the alkali 
halides observed by Barnes and the Raman spectrum of rock-salt obtained by 
Fermi and Rasctti The two infra-red absorption maxima at 161 and 247 
cm are taken as the two fundamental frequencies and the five frequencies 
at 228, 272, 298, 346 and 366 cm identified from the Raman spectrum 
reproduced by Fermi and Rasetti, are assumed to be the first overtones 
of the remaining five frequencies of the lattice The latter also shows three 
broad bands with peak frequencies of 81, 42 and 20 cm“^ These are shown 
to be the octaves of the superlattice frequencies of the second, third and 
fourth orders 

A general expression is derived for the thermal energy of cubic crystals of 
the rock-salt type in terms of the lattice and superlatticc frequencies The 
expression is evaluated for rock-salt and sylvine for a wide range of tempera- 
tures which in the case of sylvinc is 3° to 285” absolute Two of the lattice 
frequencies for sylvinc are given by the infra-red spectrum and the others arc 
deduced from those of rock-salt The calculated values in either case are in 
reasonable agreement with experimental data, showing that the thermal energy 
of crystalline solids is satisfactorily explained on the basis of the ideas 
indicated in the foregoing paper by Sir C V Raman and developed further 
in the present communication 
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STUDIES IN THE CYCLOHEXANE SERIES 


PART V. The Isomenc l-Carboxy-4-, and 3-Methylcyclohaxane> 
l>a-Benzylacetio Acids 

By R D Desai, R F Hunter and G S Sahariva 
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In previous parts of this series^ we have desenbed the synthesis of the isomenc 
1-carboxy-alkylcyclohexane-l -acetic acids, l-carboxy-3 3-dimethylcyclo- 
hexane-1 -acetic acid, and l-carboxy-alkylcyclohexane-l-succinic acids, but 
no indication was obtained of the isomensm connected with the multiplanar 
forms of the cyclohexane ring The reason may be due to the small energy 
required to change the boat form of the cyclohexane nng into the arm-chair 
form If this energy difference between the two forms is increased by suit- 
able substitution, it may be possible to isolate them as definite entities 


We have, therefore, synthesised l-carboxy-4-methylcyclohexane-l-a- 
benzylacetic acid (I) by the hydrolysis of ethyl-1 -cyano-4-methylcyclohexane- 
1-a-benzylcyano-acetate (II) which is readily obtamed by the benzylation of 
ethyl- l-cyano-4-raethylcyclohexane-l-cyanoacetate, prepared by the conden- 
sation of the cyanohydrin of 4-methylcyclohexanone with ethyl sodio-cyano- 
acetate The acid (I) was isolated in two isomenc forms, which were charac- 
terised by the preparation of their anhydrides, anilic acids, and imides A 
similar pair of isomenc acids was obtained from the benzylation product 
of the sodio-derivative of ethyl-l-cyano-3-methyl^clohexane-l-cyano- 
acetate 


C*H,HC 


CHjCHi 

1 

CHj'CoH, 


v 

HfC 


OOH 

CH coon 


(I) 


CHjCHa 

CH3HC/ v< 

(U) 


N 


K:— COO CaH, 

hcK 

CHa-CtHs 


The results obtained by us in the present mvestigation can be inter- 
preted on the assumption of the umplanar form of the cyclohocane rmg No 
unequivocal chemical evidence has so far been adduced m favour of the 
strainless forms of this ring Qudarati Khuda* claimed to have isolated the 
four isomenc forms of l-carboxy-4-methylcyclohexane-l -acetic aad, and 
argued this as an evidence in favour of the multiplanar forms of the ^do- 
hexane ring. Subsequent investigations, however, by us (he cit.), as wdl 
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as Goldschmidt and Grftfinger^ have been unable to substantiate these claims. 
Moreover, l>carboxy*4: 4-dimethylcyclohexane*l I-diacetic acid has been 
shown by us* as well as Roger Adams and Miller* to exist in one form only. 
Qudarati Khuda and his co>workers* have also dcscnbed the isolation of 
l-carboxy-3-methylcyclobexane-l-acetic acid and l-carboxy-2'melhy]<^clo> 
hexane- 1 -acetic acid in four isomeric forms, contradictory to the observa- 
tions of Desai, Hunter, Khan and Sahariya (/oc cit ), but the repetition of 
this work by one of us (R D D ) according to the details of the authors has 
shown that the alleged four forms do not exist, and that it is not possible to 
isolate each of the acid in more than two isomeric forms Thus the claims 
of Qudarati Khuda and his co-workers are unconfirmed, and the conclusive 
chemical evidence in favour of the cyclohexane ring is yet wanting 

Experimental 

\-Carhoxy-4-methylcyclohexane~ 1 -a-benzyl-acetic acids Benzvlation 
of Ethyl- 1 -cyano-4-methylcyclohexane- 1 -cyanoacetate — l-Cyano-l-hydroxj - 
4-metbylcyclohexane (32 g ) was gradually added to ethyl sodiocyanoacctate 
(Na =5 3 g. , alcohol = 60 c c , ethyl cyanoacetate = 28 5 g ), and the 
mixture was allowed to remain at the room temperature for 48 hours The 
mixture was kept at the same temperature for further two days after the 
gradual addition of benzyl chloride (29 g ), and then heated on the water-bath 
under reflux for 24 hours After the recovery of alcohol, the residue was 
added to a large quantity of water, and the precipitated viscous mass was 
extracted with ether, dried, recovered and distilled, giving a fraction b p. 
upto 125'’/6 mm , a fraction b p 125-200“/6 mm , and ethyl-l-cyano-4-methyl- 
cyclohexane-l-o-benzylcyanoacetate b p 230-23476 mm The first fraction 
was rejected, while the second fraction (14 g ) was rebenzylatcd in presence 
of sodium ethoxide (benzyl chloride «= 8 g , Na==: 1 4g., absolute alcohol 
lSc.c), and the product was worked up as already described The total 
yield was 30 gm Some undistillable residue crystallising from alcohol in 
white, thick plates (m p 143”) was left in the Claisen flask, and was identified 
as \-cyano-^methylcyclohexane-\-a.-benzyl-acetomtnle as it gave 1-carboxy- 
4-methylcyclohexane-l-a-benzyl-acetic acid (B) (m p 195”) described below 
[Found C, 80 • 8 ; H, 8 0 ; CnH^N, requires C, 80 9 ; H, 7 *9 per cent.] 

The Dtcyano-bemyl-acetic ester was a straw-coloured, viscous liquid 
which solidified to a glassy mass, and crystallised from dilute alcohol in white 
plates (m.p. 84-92“.) [Found C, 73 9, H, 7 4; C,,H| 40 tN, requires C, 
74 0; H, 7*4 per cent.] 

Hydrolysis of the ester — The ester (25 g.) was kept in contact with con- 
centrated sulphuric acid (50 c.c ) overnight and water (66 c.c.) then added. 
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The mixture was heated for 24 hours, diluted with water, cooled and extracted 
with ether The ethereal extract was shaken with aqueous sodium carbo- 
nate (10%), when the alkaline solution was acidified with concentrated hydro- 
chloric acid, a mixture of acids separated After saturation of the liquid with 
ammonium sulphate, the acids were extracted with ether, dried and recovered. 
As the residue did not solidify because of its contamination with the anhydride 
formed during the hydrolysis, it was heated with dilute caustic soda solution, 
filtered, and acidified The cold solution which deposited some solid acid 
was extracted with ether, dried, and the acids recovered The crude solid (m p 
150-62°) was treated with warm benzene, when a portion of it dissolved leaving 
a solid (m p 180-82°) This acid (A) crystallised from dilute alcohol in white, 
lustrous needles (mp 183°)(effcr) [Found C, 70 1, H, 7 5, Ci^HuOt 
requires C, 70 3 , H, 7 5 per cent ] 

The benzene mother-liquor gave a solid m p 98-106° on evaporation 
This was rehydrolysed with concentrated hydrochloric acid for 12 hours, and 
the acids worked up in the usual manner Extraction with warm benzene 
gave a further amount of the sparingly soluble acid (A), while the mother- 
liquor on concentration gave another isomeric acid (B) (mp 190-92°) It 
crystallised from dilute alcohol in colourless, thick plates (m p 195°), and 
depressed to 165° by the acid (A) The amount of this acid was small, but 
some more of the same acid was obtained from the dmitrile which was left 
m the distillation flask The ratio of the acid A B was 10 1 [Found . 
C, 70 2 , H, 7 9 , CtrHgiOt requires C, 70 3 , H, 7 5 per cent ] 

Derivatives of the Acid {A) (mp 183°) — 

The Anhydride prepared by heating the acid in an oil-bath at 165-70° 
for three hours crystallised from hexane in long, white needles (m p. 115°) 
[Found C, 75 0, H, 7 4, Ci^HjoOa requires C, 75 0, H, 7 3 per cent] 

The Anihc acid prepared by mixing the anhydride (0 3 g ) and anihne 
(0 3 g ) in benzene solution crystallised from dilute alcohol in needles (m p 
165°) [Found C, 73 5; H, 7 4, CwHa^Oa N \ H,0 requires C, 73 8; 
H, 7 5 per cent ] 

The Imide obtained by heating the dry ammonium salt of the acid at 180° 
for three hours crystallis^ from dilute alcohol in clusters of white needles 
(mp 181°) [Found C, 74‘8,H 7 9; CifHaiOi N requiresC, 75 1, H, 7*8 
per cent ] 

The calcium and banum salts of the acid were soluble m water while the 
lead and copper salts were insoluble 



519 


Studies tn the Cyclohexane Series-— V 
Derivatives of the Acid (B) (m p. 195“) — 

The Anhydride obtained by heating the dry acid at 165-70“ for three 
hours crystallised from hexane in needles (m p 109°) (depressed to 93-94° by 
the anhydride A) [Found C, 74 9, H, 7 5, Q^HjoOs requires C, 75 0, 
H, 7 3 per cent ] 

The Anilic acid crystallised from dilute alcohol in white needles (m p 175°) 
(depressed to 151“ by the amlic acid A) [Found C, 73 4, H, 7 5, 
CJ3H27O3N i HjO requires C, 73 8 , H, 7 5 per cent ] 

l-Carboxy-i-methylcychhexane-l-a-benzyl acetic acids — Ethyl-l-cyano- 
3-methylcyclohexane-l-cyanoacetate. prepared from freshly distilled 1-cyano- 
l>hydroxy-3*methylcyclohexane (20 g ) ethyl cyanoacetate (18 g ) and sodium 
ethoxide (3 2 g of sodium and 40 c c of absolute alcohol) was kept for 48 
hours and treated with benzyl chloride (20 g ) The ester was obtained as 
a VISCOUS oil which was extracted in ether, dned, recovered and distilled, 
giving a fraction b p upto 125“/8 mm , a fraction b p 130-200“/8 mm , and 
ethyl-l-cyano-3-methylcyclohexane-l-o-ben2ylcyanoacetatc, b p 237-39“/8 
mm , which solidified to a hard, glassy mass The first fraction was rejected 
while the second fraction (24 g ) was re>treated with benzyl chloride (12 g ) in 
presence of sodium ethoxide (2 3 g of sodium and 30 c c of absolute alcohol). 
The total yield of the dicvanobemylaceteic ester was 20 gm It crystallised 
from dilute alcohol in clusters of thick plates (m p 95-105°) [Found C, 
73 6, H, 7 4; C|oHa402N2 requires C, 74 0, H, 7 4 per cent] 

Hydrolysis of the ester —The ester (20 g ) was hydrolysed as usual, and 
as the crude mixture of acids isolated by ether did not solidfy owing to the 
presence of some anhydride it was heated with 10 per cent NaOH for half 
an hour, and the acids recovered as usual after acidification with concen- 
trated hydrochloric acid. The crude mixture (mp 60-120°), on trituration 
with <warm benzene left a solid (m p 180-82°), which recrystalUsed from 
dilute alcohol in needles (m p 184°) and was identified as X-carboxy-Z-methyl- 
cychhexane-l-a-benzyl-acetic acid (A) [Found C, 69 8 ,H, 7 6,CiyHt204 
requires C, 70 3 , H, 7 5 per cent ] 

Its calcium and barium salts were soluble in hot as well as cold water, 
while the lead and copper salts were insoluble The benzene mother-liquor 
was concentrated, and some more of the acid (A) was obtained On further 
concentration of the mother-liquor, a fraction (m.p 165-68°) was deposited 
It recrystallised from dilute alcohol m white, tiny needles (m p. 178°) (depressed 
to 165° by the acid A) and was the isomeric acid (B) The proportion of A B 
was 10:1. The two isomeric acids were similar in the solubilities of their 
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lead, copper, calcium and barium salts. [Found C, 70*1, H, 7 S.CiTH^Ot 
requires, C, 70 3 , H, 7 5 per cent ] 

Derivatives of the Acid (A) (m p 184°) — 

The Anhydride prepared by heating the dry acid at 165-70° for three hours 
crystallised from hexane in plates (mp 102“) [Found C, 74 8, H, 7*6, 
requires C, 73 0 , H, 7 3 per cent ] 

The Anilic acid crystallised from dilute alcohol in tmy needles (m p 152°). 
(Found C, 75 3 ; H, 7 5 , CgsHj^Oj N requires C, 75 6 , H, 7 3 per cent ) 

The Imide crystallised from dilute alchol in needles m p 165-166° 
[Found C, 74 9, H, 8 0, Ci7H2i02N requires C, 75 1 , H, 7 8 per cent ] 

Derivatives of the Acid (B) (mp 178°) — 

The Anhydride obtained by heating the dry acid at 170° for three hours 
crystallised from hexane m white needles (m p 130°) [Found C, 74 6, 
H, 7 4, CitHjoOs requires C, 75 0, H, 7 3 per cent] 

The Anilic acid crystallised from dilute alcohol in white, lustrous needles 
(m p 170°) [Found C, 75 4, H, 7 4, N requires C, 75 6, H, 7 3 

per cent ] 

Summary 

Benzylation of the sodio-derivative of ethyl- 1 -cyano-4-methyl-cyclo- 
hexane-l-cyanoacetate yields a dicyano ester, which gives a pair of isomeric 
l-carboxy-4-raethylcyclohcxane-l-o-benzylacctic acids on hydrolysis 
Similar pair of isomeric l-carboxy-3-methylcyclohexane-l-a-benzylacetic 
acids has been also obtained These results can equally be interpreted on the 
uniplanar form of the cyclohexane ring 
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RAMAN SPECTRUM OF MERCURIC CHLORIDE IN 
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/ Introduction 

The experimental determination of the relative positions in space of the atoms 
in a molecule, can now be effected by a variety of methods Diffraction of 
X-rays by solids, diffraction of electrons by vapours, measurement of 
dipole moments, absorption spectra and Raman spectra in different states of 
aggregation are among the most important ones A study of the structure of 
mercuric chloride, from some of the aspects stated above, has been undertaken 
by many earlier investigators 

Braekken and Scholten' concluded, from studies on X-ray diffraction, 
that HgCIa crystallises in the rhombic class with four molecules in the unit 
cell, the space group being According to them, the structure is mole- 
cular and the atoms in each molecule are collincar Braune and Knoke' 
determined the nuclear distances of HgClj by the electron diffraction 
method Greg* also undertook a detailed study of the structure of mercury 
halides by the electron diffraction method and concluded that it is not possible 
to uniquely determine the configuration of the mercuric chloride and bromide 
owing to the relatively small scattering powers of the atoms attached to the 
mercury atom These authors expressed the opinion that their results are, 
on the whole, in agreement with a linear structure for the molecule The 
dipole moment of mercuric chloride, calculated by BelH from solubility data, 
is 4 X 10~^‘ Curran and Wenzke* determined the same, using dioxane as 
solvent and found it to be 1 29 x As the value is quite appreciable, 

the authors ccnclude that the configuration of mercuric chloride is not linear 
On the contrary, Braune and Linke* determined the dielectric constant of 
HgClg at temperatures between 320° C and 430° C and found the molecular 
polarisation to be independent of temperature This shows that the mole- 
cule has no dipole moment and has therefore to be linear. 

Knshnamurty’ studied the Raman spectrum of HgCIa in the form of 
crystalhne powder He recorded two lines 312 (strong) and 381 (weak) 
As the spectrum resembles those of COt and CSt, he suggested a hnear model 
for the HgCl) molecule The presence of the weak line is explained as due 
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to the oscillation of one of the chlorine atoms against the remaimng group 
(HgCl) This explanation is, however, open to serious objections. He also 
examined a very concentrated solution of mercuric chloride in CH3OH The 
line IS symmetrically broadened and slightly displaced (319) The broadening 
observed is explained as due to the increased rotational freedom of the mole- 
cules in the dissolved state Braune and Engelbrccht* found that HgCls, 
dissolved in water, gives a strong line at 320 cm and in acetic ester gives a 
line at 332 cm They also studied the Raman spectrum in the molten and 
vapour states Molten HgClj gives a strong and broad line at 314 cm’’ 
and a very weak line at 376 cm In the gaseous stale the principal line, 
according to these authors, shifts to 355 cm The variation of Raman fre- 
quencies, as we pass from the liquid or solid state to the gaseous state, is a 
characteristic of polar molecules So the obvious conclusion to be drawn 
from the above result, is that HgCl2 is polar and hence, a bent molecule 

The existence of strong Raman lines in HgCI^ is an outstanding evidence 
that the link in the molecule is covalent Sidgwick and Powell* collected 
the experimental evidence as to the stereochemistry of polyvalent atoms and 
tried to relate it to the simplest expression of electronic structure, the size of 
the valency groups and the number of shared electrons they contain They 
generalised that the structure is always linear when the valency group is less 
than 8 with a covalcncy of 2 As HgClg belongs to this category, it should 
be expected to be linear 

From what has been said in the foregoing paragraphs, it will be seen that 
evidence, available from different branches of investigation in the matter of 
the structure of HgClj, is conflicting In some cases, different authors, 
working in the same branch, have arrived at different conclusions It is very 
important that the structure of HgCij should be definitely established and 
the discrepancies reconciled 

In the present paper, the author has made a detailed study of the different 
aspects of the Raman spectrum method The results are presented and dis- 
cussed with special reference to the structure of HgCI. 

2 Experimental Technique 

The following technique is adopted for obtaining a good specimen of the 
solid suitable for Raman spectrum studies The substance is contained in a 
pyrex glass tube and is melted by means of cylindrical electric heater surround- 
ing the tube The substance is then slowly cooled down to the room tempera- 
ture by reducing the current in the heater. In this way, a reasonably trans- 
parent solid lump IS obtained in the glass tube The tute is cautiously broken 
and a single transparent crystal of size 1 cm x 1 cm. x 1 5 cm. is obtained 
from the lump Two of its faces, one for illumination and the other for 
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observation, are ground and polished The specimen of a single crystal so 
prepared is used in the present investigation 

For obtaining the Raman spectrum in the liquid state, a pyrex glass tube 
of I” diameter, flattened at one end and drawn out at the other into the shape 
of a horn, is used as the container A cylindrical heater, open at either end, 
and provided with a window 6 cm x 2 S cm in its body, lengthwise, for the 
purpose of illumination has been constructed The Raman tube is supported 
longitudinally inside the heater by means of two brass discs A thermo- 
meter IS inserted and suitable ariangements are made for preventing parasitic 
light from entering the spectrograph 

To get the polarisation characters of the lines, the horizontal and vertical 
components are simultaneously photographed interposing a suitably oriented 
double-image prism in the track of the scattered light A set of intensity 
marks is given on the same plate by the method of varying slit-widths A 
standard quartz globe tungsten ribbon lamp is used as the source A steady 
current of 14 8 amperes is maintained in the lamp by feeding it from a battery 
of 220 volts In calculating the polarisation characters, one must take into 
account several sources of erroi The polaiisation characters of the Raman 
lines of CClj arc determined with the same arrangement and the correction 
term necessary to bring the depolarisation factors of the lines 218 cm-* and 
312 cm to 86%, is calculated In this manner, it is found that the various 
errors are corrected for, if the observed value for the instrument employed 
in the present investigation is reduced to 56% of itself 

For purposes of studying the Raman spectrum in the dissolved state, pure 
recrystallised sample of the substance is dissolved in methyl alcohol which is 
purified by distillation over calcium The concentrated solution, which is of 
about 30% by weight of HgCl 2 , is filtered through several thicknesses of filter- 
paper two or three times and finally filtered into the Raman tube The 
spectrum is photographed by the usual arrangement for liquids 

A special container, consisting of a thick-walled pyrex tube of diameter 
3 cm and length 23 cm , has been used for studying the Raman spectrum of 
this substance in the vapour state A few crystals of HgClj are contained in 
the tube which is sealed off after evacuation The tube is heated, in the 
furnace already described, to a temperature of about 300* C and an exposure 
of about 100 hours has been found necessary for recording the Raman 
spectrum in the vapour state 

In all cases, the light from a six-inch quartz mercury lamp is focussed 
on to the container or the substance by means of a large glass condenser and 
a Fuess glass spectrograph having a high light-gathering power has been used 
Wherever necessary, suitable filters have been used m the path of the incident 
beam to effectively cut off the continuous spectrum in the incident light. 
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3 Results 

The following tabic gives the Raman shifts in solid HgCl* The num- 
bers in the brackets represent the relative intensities 

Table I 


Exciting 

hne 

AU 

Wavelength of 
the Raman hne 

AU 

Frequency 

cm 

Raman shift 
(.m“^ 

4358 

4431 4 

22560 

378 (0) 


4418 7 

22625 

313(10) 


4299 9 

23251 

-313(3) 

4078 

4130 8 

24202 

314 (2) 

4047 

4098 8 

24391 

314(8) 

ff 

4067 0 

24581 

124(2) 

ft 

4062 2 

24610 

95(1) 

>* 

4058 5 

24633 

72(3) 

ti 

4034 7 

24778 

- 73 (2) 

•• 

4026 6 

24823 

-123(1) 

11 

3995 9 

25019 

-314(2) 


A V = 73. 95, 124, 314, 378 

The spectrogram is reproduced in Plate XXXV The lines 73, 95 and 124 
are recorded for the first time 

Table II gives the results obtained with the liquid 

Table II 


Exciting 

Wavelength of 

Frequency 

Raman shift 

wavelength 

the Raman hne 

cm 

cm 

AU 

AU 



4358 

4431 2 

22561 

377(1) 


4423 2 

4414 7 

22602 

22645 

315(10) 

4348 

4406 3 

22688 

307(1) 

4358 

4302 8 

23234 

-319(5) 


4294 3 

23280 

4348 

4289 1 

23308 

-313(0) 

4078 

4130 9 

24261 

IkI ’“o 

ps 

4127 0 

24224 

4047 

4102 4 

24369 

318(8) 

)« 

4096 2 

24405 

4078 

4027 6 

24822 

-316(0) 

4047 

3997 8 

25007 

;|gl-3ii(» 

It 

3992 6 

1 25039 


A V - 314. 377 

The breadth of the strong line is about 40 cm The two edges of the hne 
are measured and the Raman shift is taken as the mean of these two 
frequencies, A microphotometnc record showing the comparative structures 
of the solid line and the liquid line is reproduced in die Plate. 
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Table III contains the results obtained in a solution of HgCl| in CH,OH 
and in the HgCle vapour 

Table III 


State 

Exciting 

wavelength 

AU 

Wavelength of 
the Roman line 
AU 

Frequency 

cm“^ 

Raman 

shift 

cm 

Solution 

4358 

4420 ] 

22618 

320 

Vapour 

4047 

4098 0 

24395 

310 


The frequencies obtained by the author are in agreement with those obtained 
by earlier investigators except in the case of gas This result is very significant 
and IS discussed later on 

The polarisation values obtained in the liquid state are as follows 
314 (51%), —314 (52%) and 376 (P) The above values are corrected for the 
various errors as mentioned before As the second line is very weak it is not 
possible to actually measure the depolarisation factor, but it is found that it is 
also polarised , 

4 Discussion of Results in Relation to Structure 

As has already been mentioned there are two possibilities to be con* 
sidered namely (i) a linear configuration and (ii) a bent one for the m^curic 
chloride molecule The point group of the symmetrical molecule is and 
such a structure should give rise to one polarised Raman line The bent 
structure comes under the point group C^p and should accordingly give rise 
to three Raman lines, two of which should be well polarised and the third one, 
usually of the highest frequency should be depolarised to the limit As 
mercuric chloride gives rise to two lines, it is difficult to decide between these 
two alternatives by studying the number of Raman lines only Nevertheless, 
It can be argued that since the line 314 is very strong, the other two lines, 
which should be present if HgCl 2 is a bent molecule, should be sufficiently 
intense compared to the intensity of the strong line 312 The extreme weak* 
ness of one line 318 and the non*existence of the other line suggest that it is 
not a bent molecule. This n lew is confirmed by the following considerations 

In the case of polar molecules such as SO^, HCl, etc , there are large 
variations in the frequencies in different states of aggregation On the other 
hand, in the case of HgCl*, there are practically no variations. The early 
results of Braune and Engelbrecht show a large variation in liquid and gaseous 
states, the frequency in the liquid state being 314 and that in the gaseous 
state 356 They accordingly concluded that HgCla is a polar molecule and 
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hence a bent one Contrary to these observations, the results of the present 
investigation show the frequency, which is 314 in the solid and the liquid 
states, is 310 m the gaseous state The very small variation of 4 wave num- 
bers IS not of much significance The two frequencies are practically iden- 
tical in the solid and the liquid states In the solution there is a very small 
shift to the longer wavelength side So we can conclude that there are no 
marked variations of frequencies in different states Hence HgClg should 
be non-poiar and therefore, a linear molecule 

There is yet another line of reasoning which shows that it is a linear mole- 
cule In the case of the bent molecule, we shall designate the parallel sym- 
metrical vibration by vi. the parallel deformation vibration by v, and the 
asymmetric perpendicular vibration by v, vj and v, should be polarised and 
Vs depolarised Accordingly, SOj gives three lines at 526,1146 and 1340 
1340 has been found to be depolarised to the limit In the present case the 
strong line 314 may be identified with vg should be on the longer wave- 
length side of and should be depolarised If we identify 378 with vg, it 
should be depolarised in case the molecule is bent But the results obtained 
in this investigation show that 378 is polarised Hence, the polarisation values 
do not fit in with a bent model The considerable depolarisation of the total 
symmetric line is due to the broadening of the line which may presumably be 
identified with rotational scattering The weak line m HgClg is polarised as in 
the case of 798 in CSg and 1285 in COj Hence this may be identified with the 
overtone of the forbidden frequency as in the case of COg and CSg Raman 
effect data of HgClg strongly support the view that the molecule is linear 

5 Some Special Features 

Good Raman spectra of the solid and the liquid are obtained in the 
present investigation The plates are run through a Moll microphotometer 
and the relative intensities of the Stokes and anti-Stokes components 
are obtained m the usual way with the help of intensity marks recorded on 
each plate Results are given m Table IV 

Table IV 


State 

Temp •€ 

Fcequency 

/a. Obs 
Ias 


Solid 

29 

314 

3 8 

4 0 

Liquid 

280 

314 

1 6 

2 0 


It IS evident from the above table that the observed value is in agreement 
with the value calculated in the case of the solid The agreement between the 
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observed and the calculated values ts not very satsifactory in the liquid pre- 
sumably because the liquid is slightly yellowish and the results are not corrected 
for absorption 

The principal line is considerably broadened in the liquid state and has 
acquired an unsymmetrical distribution of intensity A satisfactory explana- 
tion of this interesting phenomenon is at present difficult to furnish It may 
be suggested that, as the temperature is very high, a good proportion of mole- 
cules, excited to different vibrational states, may be expected to be present 
The vibrational frequencies, arising from such molecules, may be expected 
to give rise to a broad band of a composite character Other issues such as 
the increased freedom of rotation at high temperatures, may also have to be 
taken into account This is suggested by the fact that the band, as a whole, 
exhibits considerable depolarisation It may be added here that the line, 
observed in the crystal, is quite sharp as may be expected 

In the Raman spectrum of the solid, three low frequency lines have been 
recorded here for the first time These three lines at 73, 95 and 124 cm"’ 
are to be explained as due to lattice oscillations From the crystal structure, 
it is clear that we should expect a number of lines in this region because there 
are four molecules per unit cell A detailed correlation of the crystal struc- 
ture with the observed lattice spectrum is not attempted here The large 
intensity of the lattice lines is, however, in accordance with the proposed 
linear structure and the consequent marked optical anisotropy of the molecule 
These three lines may provisionally be ascribed to modes of oscillation in 
which the molecule, as a whole, tilts about various axes Such an assign- 
ment receives some support from the fact that these lines do not persist in the 
liquid state It may, however, be remarked here that Sponer and Teller’® 
have recently indicated that the frequency at 70, as obtained from a study of 
the electronic spectra, may be ascribed to the transverse vibration of the 
HgCIt molecule 

The three lattice lines, which appear in the Raman spectrum of solid 
HgClt, are absent in the liquid state This is natural because the lattice lines 
are characteristic of only the solid state The Raman spectrum of the liquid 
exhibits, besides the vibrational Raman lines, unresolved wmg in the neigh- 
bourhood of the Rayleigh line The distribution of intensity in the wing is also 
studied in the present investigaion A 4358 A U is selected as the exciting 
line and the results are given in Table V 


Tablf V 



9 

Ifi 

27 

36 

45 

54 

63 

72 

81 

90 

99 

108 

117 

123 

1 

1318 

224 

170 

132 

120 

1 

96 

1 

87 

79 

63 

m 

44 

37 

29 

25 
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It may be noted that the wing starts wth a maximum intensity very near 
the Rayleigh line and gradually diminishes till it becomes neghgitle at a dist- 
ance of about 100 cm Thus the wing in liquid HgClj possesses all the 
characters that are typical of the wing usually obtained in common liquids. 


6 Summary 

In this paper an attempt is made to gather as much evidence as possible 
from different aspects of the Raman spectrum method for the purpose of 
determining the structure of HgCl 2 

Raman spectra in the solid, liquid, gaseous and dissolved states are 
obtained The solid gives lines at Av 73, 95, 124, 314, 378 cm The 
liquid gives lines at A v 314, 377 and exhibits a prominent wing alongside 
the Rayleigh lines The three low frequency lines, obtained in the solid state, 
have been observed for the first time and are explained as due to the lattice 
oscillations The principal Raman line A v- 314 cm~* is found to occur in 
the same position in the gaseous and the dissolved states also The constancy 
of the Raman frequency in all the states of aggregation, is a characteristic of 
non-polar molecules Hence it is concluded that HgClg should be non-polar 
and therefore, a linear molecule. 

A study of the polarisation characters of the Raman lines in the liquid 
state reveals that both the Raman lines arc polarised The occurrence of the 
two lines and their polarisation characters are explained on the basis of a linear 
structure The strong line 314 cm is attributed to the total symmetric oscilla- 
tion and 377 cm is explained as the overtone of the forbidden frequency 

Incidentally, other prominent features of the Raman spectrum of HgCU 
such as the breadth characters of the lines, etc , at different temperatures are 
noted and dealt with 

In conclusion, the author desires to express his grateful thanks to Prof. 
S Bhagavantam for the keen interest he has shown during the progress of this 
investigation 
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EFFECT OF TEMPERATURE ON THE INTENSITIES 

OF RAMAN LINES 

Part I. Crystals 
By K Venkaieswarlu 

(Fi'om the Department of Physics, Andhra Unlversltv, Waltair) 

Received September 1, 1941 
(Communicated by Prof S Bhagavantom) 

7 Introduction 

As early as 1928, Knshnan^ pointed out that in the Raman spectrum of liquid 
CCI4, the Stokes lines become weaker and the anti-Stokes lines stronger with 
increase of temperature Later, Ananthaknshnan’’ studied the Raman 
spectrum of liquid CCI4 over an interval of temperature extending from 25" 
to 200" C and showed that the integrated intensities of the Stokes hnes in 
CCI4 do not increase with increasing temperatures 

Birckwedde and Peters^ investigated the Raman spectrum of crystalline 
quartz between 180° C and 550° C and concluded that the Stokes lines become 
weaker at higher temperatures Landsberg and Mandelstamm* reinvesti* 
gated the case of quart? and observed that the intensity of the Stokes line 
at 465 cm increased in the ratio 1 I 29 when the temperature was raised 
from 295° K to 810° K 

Recently Ornstein and Went'^ studied the influence of temperature on the 
Raman lines of crystalline quartz and calcite over a range extending from 
90° K to about 420° K. Some of the important conclusions derived from their 
experimental investigations arc (i) the ratios of intensities of the Stokes and 
the anti-Stokes lines are in conformity with the theoretically calculated values, 
(ii) the absolute intensities of the Stokes Imes showed marked decrease with 
rise of temperature ; and (111) the observed decrease in mtensity is more pro- 
nounced for the lower frequencies 

From the above survey of the experimental work carried out so far in 
this line of investigation, it is clear that the results obtained in the case of 
liquids are very meagre and quahtative and that the results obtained in crystals 
by different authors are at variance with one another In view of the above 
facts, it 18 considered desirable to take up a detailed investigation of the influ- 
ence of temperature on the intensities of Raman hnes both in solids and 

529 



530 K. Venkateswarlu 

liquids Some of the results obtained in the case of a few typical crystals 
are presented in this paper 

2 Experimental Arrangements 

Light from a 6'inch quart? mercury arc lamp is condensed by means of 
an 8-mch glass condenser on to one face of the crystal and the scattered 
light emerging out of one of the other faces of the crystal is focussed on the 
sht of a two-prism glass spectrograph of high light-gathering power In 
the case of quart? a cut and polished one-inch cube has been used and the 
other two crystals, sodium nitrate and mercuric chloride, are grown and 
polished in this laboratory With suitable precautions, intense and clear 
spectrograms showing the Stokes and anti-Stokes lines have been obtained 

A specially constructed electric heater was made to surround the crystal 
A mount of oxidised copper foil, prepared carefully so as to give a uniform 
dull-black surface, is used for mounting the crystal A thermometer kept in 
contact with the crystal indicated the temperature within an accuracy of -i 
5° C With such an arrangement, the Raman spectra of each crystal at diff- 
erent temperatures have been obtained side by side under exactly identical 
conditions Great care has been taken to see that the time of exposure and 
the intensity of the source are kept constant while obtaining the Raman 
spectra of the same crystal at different temperatures 

A set of intensity marks is recorded on each plate by the method of vary- 
ing slit-widths using the continuous radiation emitted by a standard quartz 
globe tungsten ribbon lamp as the source The plates are run through a Moll 
Microphotometer and the densities of the various lines are obtained The 
density-log -intensity curves are drawn for each wavelength at which the various 
Raman lines that are to be compared with each other appear The intensity 
of any line as a fraction of the standard radiation having the same wavelength 
as the line itself is read from the above curves and the intensities of the Stokes 
and the anti-Stokes lines are computed from a knowledge of the energy 
distribution in the ladiation emitted by the lamp. Since the ciystals are 
perfectly colourless and not very large, no correction need be made on the 
score of absorption 

As the lines chosen for investigation m the various crystals do not show 
any appreciable variation in their breadth characters with change of tempera- 
ture, within the range employed, only the peak intensities are noted and 
compared. 

3 Results 

Tables I, II and HI contain the results rdating to the effect of tempera- 
ture on the intensities of Stokes Imes in crystallme quartz, sodium nitrate 
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and mercuric chloride respectively The results in column 4 of each of these 
tables are calculated with the help of relation (1) given in the next section 
and contained in Placzek’s theory 


Table 1 
Quartz 


A V 

Temp 

Obs 

1 Calc 

1 Uoa 

Quotient 


308“ K 

t 00 

1 00 

1 00 


373 

0 78 

1 07 

1 37 


473 

0 64 

I 17 

1 83 



Table 11 





Sodium Nitrate 


A V 

Temp 

1 

oiM 

IgOB 

P Calc 

MOB 

Quotient 


308“ K 

1 00 

1 00 

1 00 


378 

0 81 

1 02 

1 26 

1065 cm 

423 

0 68 

1 03 

1 51 


493 

0 58 

1 05 

1 81 


Table III 
Mercuric Chloride 


A V 

Temp 

Obs 

^908 

Z- Calc 

MOB 

Quotient 

nmumii 

308“ K 

1 00 

1 00 

1 00 


373 

0 83 

1 09 

1 31 

IHIHI 

423 

0 73 

1 17 

1*60 


Tables IV and V contain results relating to the effect of temperature on 
the anti'Stokes Raman lines The results contamed m column 4 of each of 
these tables ate calculated with the help of relation (2). 
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Table IV 
Quartz 


A V 

Temp 

i 

1 p- Obs 

j 

Jl Calc 

Quotient 

__ 

308»K 

1 00 

1 00 

1 00 


373 

1 25 

1 61 

1 29 

■■■ 

473 

1 52 

2 46 

1 62 


Table V 

Mercuric Chloride 


A V 

Temp 

1 ^ Obs 

4o8 

Calc 

M08 

Quotient 

■M 

3080 K 1 

1 00 

1 00 

1 00 


373 

1 22 

1 40 

1 15 


423 

1 35 

1 73 

1 28 


Tables VI and VII contain results relating to the effect of temperature on 
the ratio of intensities of the Stokes and the anti-Stokes Raman lines in 
quartz and mercuric chloride 

Table VI 
Quartz 


A V 

Temp 

hv, 

eW 


/*- Obs 

IKS 


308*K 

8 72 

7 42 

7 68 


378 

5 84 

4 97 

4 79 


473 

4 10 

3 48 

3 25 


Table VII 
Mercuric Chloride 


A V 

Temp 





308* K 


3 89 

4 12 

315cm-» 

373 


3 01 

2'«> 

1 

423 

BEH 

2*61 

2«2S 
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4 Discussion of Results 

The aggregate average intensity per molecule of the Stokes and the anti- 
Stokes lines has been obtained by Placzek and his results are given in(l) and 
(2) respectively 

hy-y,) « (V“ v,y Iqf- (1) 


!(»+*;) (vH- •'/)* 


^-1 


From (1) and (2), the ratio of the mtensities of the Stokes and the anti- 
Stokes lines is obtained as in (3). 



From the results given in Tables I, II and III it is obvious that the mten- 
sity of the Stokes lines, in all the three cases studied, decreases with nse in 
temperature This is contrary to what is indicated by equation (1). The 
discrepancy between the theory and expenment both in magnitude and direc- 
tion IS clearly shown in Fig 1 (a) for the case of quartz Results contained 
in Tables IV and V show that the intensity of the anti-Stokes lines increases 
with rise of temperature as may be expected It must, however, be remarked 
that the rate at which the intensity increases is not in conformity with that 
contained in the expression (2) and this discrepancy is illustrated graphically 
in Fig. 1 (b) for the case of quartz The results given in Tables VI and VII 
on the other hand, show convincingly that, in spite of the sharp disagreement 
between experiment and theory that has been noticed in the matter of the 
individual intensities of the Stokes and the anti-Stokes lines, their ratio as 
observed at different temperatures is in conformity with the theory 



Fm. l(di) 


Fia.1 (6) 
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It IS the mam purpose of this paper to draw attention to a failure of the 
existing theory in respect of the temperature dependence of the mtensity of 
the vibrational Raman lines The failure appears to be common to the lattice 
as well as the internal oscillations in crystals These investigations will also 
be extended to liquids in due course The weak point of the theory is in 
the assumption that molecules in the higher vibrational states, on account of 
the larger amplitudes involved, give rise to larger scattering moments This 
point will be examined and discussed more fully after obtaining data in some 
typical liquids as well 

5 Summary 

The dependence of intensity on temperature of the Raman lines, 
465 in crystalline quartz, 315 in mercuric chloride, and 1065 in a sodium 
nitrate crystal, has been experimentally studied Sharp disagreements with 
the existing theories have been noticed in the matter of the individual inten- 
sities of the Stokes and the anti-Stokes lines at different temperatures The 
experunentally observed ratio of the intensity of the Stokes hne to that of the 
corresponding anti-Stokes line at different temperatures conforms closely to 
what may be expected on the basis of the existing theones 

In conclusion, the author desires to express his grateful thanks to Prof. 
S Bhagavantam under whose guidance this investigation has been taken up. 
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PHYSICO-CHEMICAL STUDIES WITH AQUEOUS 
FLUORIDE SOLUTIONS 


Part I. The Decomposition and Discharge Potentials of Some 
Fluorides in Aqueous Solution 

By Hiralal Shrivastava 

{From the Department of Chemistry, College of Saenee, Nagpur) 

Received July 18, 1941 

(Communicated by Or A S Ganesan, ph o ) 

It is well known that fluorides of metals differ noticeably from the corres- 
ponding other halides and present several points of considerable interest. 
A survey of the literature on the subject reveals that in regard to the physico- 
chemical properties ol fluorides there is still, in general, a paucity of informa- 
tion A systematic detailed investigation of the important properties of 
aqueous fluoride solutions has been undertaken by the author, and the present 
paper contains the results of a study of the decomposition potentials and the 
discharge potentials of some aqueous fluoride solutions at vanous concentra- 
tions with polished platinum electrodes at 25° C Quite recently, Crockford 
and Loftin* have studied the behaviour of aqueous solutions of hydrofluoric 
acid and certain alkali fluorides on electrolysis at 0° and 25° C with stepwise 
increase of applied voltage across rotating, smooth platinum electrodes 
From the results obtained they came to the conclusion that electrolytes of the 
type of hydrofluoric acid and the alkali fluorides have no true decomposition 
potential in aqueous solution It appeared to the author that a more detailed 
study of the problem might lead to a better understanding* of it; the present 
investigation was accordingly undertaken 

Experimental 

Preparation of Materials— AXL aj^ratus such as contaming vessels, 
beakers, funnels, pipettes, measuring flasks, titration flasks, stirrers, etc, 
that were to come in contact with hydrofluoric acid or a fluoride solution, were 
coated with paraffln wax and calibrated thereafter whenever necessary. A 
platinum basin was used for the preparation of the fluorides 

All the fluorides were prepared in a pure condition in this laboratory 
except ammonium fluoride, potassium hydrogen fluonde and hydrofluoric 
acid which were Merck's guaranteed reagents The methods given in Mellor's 
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A Comprehensive Treatise on Inorganic and Theoretical Chemistry were 
followed 

The alkali fluorides (LiF, NaF, KF) were prepared from the correspond- 
ing acid fluorides by thermal decomposition (Guntz's method*) Lithium 
hydrogen fluoride and sodium hydrogen fluonde were prepared, starting 
from lithium carbonate and sodium hydroxide respectively, and treating them 
With hydrofluoric acid 

Cadmium fluoride was obtained by the action of hydrofluoric acid in 
slight excess on cadmium carbonate The mass was evaporated to dryness 
and then dried completely in an air-oven 

Antimony fluoride was prepared by dissolving the tnoxide in excess of 
hydrofluoric acid and evaporating the solution very slowly on a water-bath 
till crystals began to appear On cooling, large colourless plates separated 
out (Berzelius, Guntz, Fliickiger^") These were removed and dried between 
folds of filter-paper, weighed and dissolved in a known volume of water 
Further drying was found unnecessary, mfact, the crystals were found to 
decompose on drying over sulphuric acid and then did not dissolve completely 
in water Analysis corresponds with the composition SbFa 

Silver fluoride was prepared by dissolving freshly precipitated silver 
carbonate in hydrofluoric acid and filtering off any residue The resulting 
clear filtrate was found to give a brown or black, sparingly soluble, hard mass 
on being evaporated to dryness Hence the clear colourless solution itself 
was diluted as required and kept in darkness in bottles lined from mside with 
paraffin wax and protected from the action of light by covenng from outside 
with opaque, black, glazed paper The operations in the preparation of 
silver fluoride were carried out in darkness During a determination also, 
the solution was kept screened from light. Analysis showed the presence 
of free hydrofluoric acid to the extent of one mole of the acid for every two 
motes of silver fluoride The solutions of silver fluoride were found to decom- 
pose on keeping, so the analysis and measurements were made soon after 
the solutions were prepared 

The fluoride solutions, except that of silver fluoride, were prepared by 
dissolving weighed quantities of the fluorides in the requisite amount of 
conductivity water; exact normalities were determmed m all cases by titration 
with a 0 02 N solution of thorium nitrate using Willard and Wmter's method* 
for the estimation of fluoride as modified by Armstrong* The thonum 
nitrate solution was standardised against a 0 02 N solution of Merck’s pro- 
analyst hydrofluoric acid; the latter was prepared by dilution from a more 
concentrated solution, which was standardised against a decinormal solution 



Physico-Chemical Studies with Aqueous Fluoride Soluiiono’—I 537 

of potassium hydroxide using phenolphthalein as indicator. The normahty 
of the diluted acid solution was checked by lodometnc method. 

Experimental Procedure and Other Details — Decomposition potentials 
have, in the past, been measured in two ways one, the direct method, and the 
other the commutator method There has been much controversy regarding 
the correctness of the one or the other method, as the results obtained by the 
two methods are not in very close agreement It has been definitely shovm by 
Ferguson and Van Zyl,* and by Knobel,® however, that the direct method is 
the more correct method , this method has been employed m the present 
investigation 

An electrically controlled water thermostat regulated at 2S*’d:0*l°C 
was used The electrolytic cell consisted of a 400 c c beaker The electrodes 
consisted of two polished platinum foils, each 3 sq cm. in area, and kept 
S cm. apart The electrode stems were sealed into ends of glass tubes 
with mercury for making electrical contact The glass tubes canymg the 
electrodes were passed through holes in a thick wooden disc and sealed in 
position with paraffin wax Another hole in the disc carried a thermometer 
for recording the temperature of the fluoride solution The disc was also 
pierced for accommodating a stirrer between the electrodes to keep the 
electrolyte rapidly stirred in order to eliminate concentration polarisation and 
to prevent the accumulation of gas bubbles on the electrode surface. To 
attain this end the previous workers^ rotated the electrodes themselves 

A gradually increasing potential from two storage batteries connected 
in senes was applied to the electrolytic cell until the decomposition point was 
well nigh passed At each stage the potential difference set up between the 
electrodes was measured with an accurately calibrated potentiometer, and the 
current flowing was measured by means of a millianuneter in conjunction with 
an accurately calibrated demonstration galvanometer Vanations in current 
of the order of 0 01 milliamp or even less could be easily detected, while the 
potentiometer could easily detect a variation in potential of 0*25 millivolt. 

After each run, the electrodes were cleaned in moderately concentrated 
nitric acid and washed thoroughly with conductivity water Each of the 
electrodes was used alternately as cathode and anode in order to compensate 
for any difference between them , no difference, however, was detected. 
Usually three to four runs were made for each salt at each concentration, 
and at least one check run was always made. 

The same procedure was adopted in determining the discharge potentials; 
the standard half-cell used in these measurements was decinormal calomel 
electrode. In the case of silver fluonde, a salt bridge consisting of saturated 
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potassium nitrate was used In other cases the tip of the calomel electrode 
was kept in contact with the electrode to be measured 

Typical current-voltage curves are shown in Fig 1 Only a few points 
have been shown on each curve, but the curves were actually drawn through 
a large number of points. The curve for sodium fluonde is typical of the 
alkali fluorides and ammonium fluonde Curves for LiF, NaF, KF, NH4F, 
KHF 2 , SbFs have two breaks each, while those for HF, AgF and have 
only one break each The first break for KHFg is not well marked 



Fia. 1 

Cun«nt.voItaae curves for aqueous solutions of fluondes 


Evaluation of Decomposition Potential —In cases where the current- 
voltage curve exhibits a sharp break, the correspondmg potential is quite 
definite and can be accurately determined But if the break is not sharp, as 
IS always the case when gaseous products are formed, or where secondary 
electrode reactions prevail, the value of the corresponding potential is not $0 
definite and depends upon the procedure adopted m determining it One 
method is to produce the straight parts of the curve until they intersect; a 
second procedure is to extrapolate the part of the curve for high current 
densities back to zero current density ; again, a third method is to plot the 
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logarithm of current density against voltage, and to take the potential cones* 
ponding with the intersection of the resulting straight lines as the decompo- 
sition potential All these methods, however, are entirely arbitrary A change 
in the scale of plotting a given set of data also changes to some extent the 
apparent position of the decomposition potential from round curves The 
determination of the decomposition potential from round curves cannot, 
therefore, be made with the same degree of accuracy and certainty as from 
curves having sharp breaks 

In the present investigation, in determming the potential corresponding 
to a break in the current-potential curve, the method of producing the 
straight parts of the curve till they intersect has been followed , because, in 
the first place, this makes the present data comparable with that of the pre- 
vious workers^ , secondly, other methods were found to be unreliable in some 
particular cases 

Results 

Groemng and Cady* have made a distinction between static decomposi- 
tion voltage and dynamic decomposition voltage The former refers to the 
minimum voltage at which electrolysis just begins, and the electrode processes 
are practically reversible The dynamic decomposition voltage is the lowest 
voltage at which, during electrolysis, the electrode processes are the same as 
they would be if electrolysis with considerable current density were taking 
place, and is thus equal to the static decomposition voltage plus the cathode 
and anode overvoltages It is important to bear this distinction in mind in 
discussing data on current-voltage relationships 

The potentials for each of the breaks in the current-voltage curves for 
the fluondes studied arc given in Table 1, and correspond to dynamic decom- 
position voltages pltis the IR drop across the electrodes. 

The values for KCl and HCl have be«i given for comparison. Wherever 
two breaks occur the potential for the second break has been taken as the true 
decomposition potential for the fluoride solution concerned except in the 
case of antimony trifluoride for which the potential for the first break has been 
taken as the decomposition potential (ude infra) 

The discharge potentials referred to hydrogen as zero are listed in Table II. 
In calculating these values the potential of the deanormal calomel electrode at 
25^ C. has been taken as -f- 0 3376 volt referred to hydrogen electrode as 
zero The alkali fluondes and ammonium fluonde may be taken to behave 
sunilarly on electrolysis; hence the discharge potentials for ammonium 
fluoride alone have been determined 



Potential in volts at 25* C 


Normality 

First break 

Second break 

0 056 

1 61 

2 95 

0 778 


2 60 

0 389 


2 65 

0 195 

1 S3J.0 02 

2 69 

0 078 


2 76 

0 835 


2 72 

0 417 


2 75 

0 209 

1 50±0 02 

2 77 

0 083 


2 80 

0 794 


2 65 

0 397 


2 62 

0 199 

1 62^0 01 

2 61 

0 080 


2 61 

1 923 


3 23 

0 769 

1 55 ±0 05 

3 04 

0 240 


3 01 

0 948 

1 63 

2 40 

0 456 

1 70 

2 51 

0 119 

1 86 

2 93 

2 350 

2 20 


1 175 

2 22 


0 540 

2 20 


0 250 

2 20 


0 121 

2 24 


0 047 

2 26 


1 296 

0 73 


0 518 

0 83 


0 162 

0 90 


0 420 

2 39 


0 240 

2 37 


0 120 

2 38 


1 000 

2 22 


1 000 

1 31 
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Table II 

Discharge Potentials at 25' C 
(Hydrogen Electrode = Zero) 


Electrolyte 

Normality 

Cathode potential 

Anode 

First break 

Second break 

potential 

NHgF 


+0 12 

-0 50 

1 74 

KHFt 

1 923 

0 769 

0 240 

-0 17 

-0 85 
“0 93 
-1 02 

2 12 

2 09 

2 00 

SbF, 

0 948 

0 456 

0 119 

+0 14 

-0 17 
-0 20 
-0 22 

2 08 

2 03 

2 00 

AgF 

1 296 

+0 74 


1 51 

(Contains free 

Hh in the pro- 
portion 2 AgF- 
HF) 

0 518 

0 162 

+0 72 
{0 69 


1 56 

1 58 

CdF, 

0 420 

0 240 

0 120 

-0 44 
-0 45 
-0 46 


1 92 

1 91 

1 90 


Discussion 

In cases where the current* voltage curve has two breaks, the corresponding 
current-cathode potential curve also exhibits two breaks, but the current- 
anode potential curve has only one break in every case From this it is evident 
that the occurrence of two breaks is due to two different processes at the 
cathode 

In cases where the current-voltage curve shows more than one break 
the question arises as to which of these should be taken to correspond with the 
decomposition voltage According to the widely accepted definition of 
decomposition voltage^ as the minimum voltage required for continuous 
electrolysis (with unattackable electrodes), the potential for the first break 
ought to be taken as the decomposition potential in every case 

But in the case of the alkali fluondes and ammonium fluoride it appears 
that the potential for the first break cannot be regarded as the true decomposi- 
tion potential for these fluoride solutions, because the first break, which 
occurs at about 1*55 ± 0 05 volts for each of the above fluorides at diflerent 
concentrations, and which accordmg to the previous workers^ is mdependent 
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of temperature also, corresponds, without doubt, to the primary decomposi* 
tion of water, i e , the discharge of H+ and OH" ions only at the electrodes. 
Moreover, there is no break in the current-anode potential curve corres- 
ponding with the first break in the current-voltage curve Further, if the 
logarithmic method of plotting is used, the first break becomes mdistinct and 
uncertain in every case, while the second break is still very pronounced The 
potential for the second break vanes with the nature of the metallic ion, and 
in general, with concentration of a given fluoride solution, but is independent 
of the rate of stirring provided it is rapid enough to eliminate concentration 
polarisation and to prevent accumulation of gas bubbles on the electrodes 
The previous workers^ have found that it vanes with temperature also On the 
basis of these observations the second break may be assumed to be due to the 
primary electrode process being the discharge of the metallic ions and the 
fluoride or complex anions existing in solution , and as the products of such a 
discharge process will readily disappear by reaction with watei as soon as 
they are formed, the above assumption is quite in harmony with the fact 
that the net electrolytic change is the decomposition of water alone. The 
potential for the second break may, therefore, be taken as the true decomposi- 
tion potential for aqueous solutions of the alkali fluorides and ammonium 
fluoride 

The previous workers^ are of opinion that as the potential for the normal 
fluorine electrode is very much higher than the potential required for the 
decomposition of water, primary decomposition of a fluoride cannot occur 
in aqueous solution, and the only electrolytic reaction during the entire course 
of electrolysis is the primary decomposition of water alone, so that for electro- 
lytes of the type of hydrofluoric acid and the alkali fluorides, no true decom- 
position potential exists in aqueous solution Such a view, however, seems to 
be untenable, because in the first place, it fails to account for the occurrence 
of the second break One possible explanation might have been that at the 
second break, either the hydrogen or the oxygen or both, evolved at the 
electrodes, are in the atomic or excited state But the difference between the 
values of potentials for the first and second breaks is far too small to admit 
of such an explanation Secondly, the objection against the pnmary electrode 
process being the discharge of the metallic ions and the fluonde or complex 
ions and on the basis of the high potential for the normal fluorine electrode 
appears to be groundless from analogy with the behaviour of other alkali 
salts on electrolysis Le Blanc’s values for the decomposition potentials of 
normal aqueous solutions of the alkali chlorides, bromides and iodides are 
given in Table III, Undoubtedly, the pnmary electrode process at these 
potentials is the discharge of the alkali metal ions and the halide ions. These 
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values are, however, much lower than those calculated on a theoretical basis 
from the normal electrode potentials of the diflerent metallic and halogen 
ions as can be seen from the figures m Table 111 The same is true for the 
alkali sulphates, nitrates, etc 

Table III 

Decomposition Potential in Volts for Normal Solution 


Salt 

Le Blanc's 
expen mental 
values 

Theoretically 

calculated 

values 

LiCI 

i 86 

4 32 

NaCt 

1 98 

4 08 

KCl 

] 96 

4 28 

NaBr 

1 58 

3 79 

KBr 

1 61 

3 99 

Ndl 

1 12 

3 26 

K1 

1 14 

3 46 


The dilTerence is obviously due to quick secondary changes on electrode 
surfaces making themselves felt A comparison of such figures would be of 
still less value m the case of fluoride solutions on account of the existence of 
different kinds of complex ions, the concentration and influence ot which are 
at present not well understood Evidently, as depolarisation occurs in the 
presence of complex ions, the salt ions present in fluoride solutions may 
certainly be discharged at potentials lower than the theoretical value for the 
elementary ions 

Antimony fluoride also gives two breaks, each of which, however, vanes 
with concentration When a potential lying between those for the first and 
second breaks is applied, oxygen is evolved at the anode, although the quantity 
evolved is very minute ; but there is no evidence of gas evolution at the cathode 
even after continuing the electrolysis for 6 hours The cathode was, how- 
ever, fogged, and assumed a shining, brown or black appearance This was 
found to be due to the formation of a very thin film of antimony on the 
cathode. On increasing the potential to that for the second break, oxygen 
was still evolved at the anode, and antimony separated out in the form of 
small shining granules at the cathode The current-cathode potential curve 
for antimony fluoride also gives two breaks which correspond to the two 
breaks in the current-voltage curve The cathode discharge potential for the 
first break for 0 948 N Solution of antimony fluoride (-f 0 14 volt, cf 
Table II) corresponds approximately to the potential of the normal antimony 
electrode (-HO‘1 volt) The current-anode potential cufve gives only one 
break which corresponds to the first break on the current-voltage curve. 
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From the above it appears that with antimony fluoride the potential for the 
first break may be taken as the decomposition potential The occurrence of 
two breaks may be due to the separation of antimony in two different forms, 
and not to a change in the nature of the electrode processes 

Cadmium fluoride and silver fluoride also undergo true decomposition 
in aqueous solution, cadmium and silver being deposited at the cathode 
at potentials (cf Table II) not considerably different from the normal 
electrode potentials for these metals (Cd, —0 40 volt , Ag, + 0 7995 volt). 
Hence the decomposition potentials determined for these fluoride solutions 
are the true decomposition potentials The behaviour of silver fluoride is, 
however, remarkable m that instead of a gas bemg evolved at the anode, as 
is the case with other fluoride solutions, a crystalline deep brown or black 
deposit is formed on the anode This may be the reason why the anode dis- 
charge potential becomes more positive on dilution in the case of silver 
fluoride alone. This deposit was found to be almost insoluble m water, but 
it gave a deep brown solution with concentrated nitric acid On the addition 
of a trace of potassium nitnte the solution at once turned colourless but 
remained very slightly turbid ; the turbidity disappeared on heating It is 
well known that a black crystalline deposit is formed on the anode when an 
aqueous solution of silver nitrate or silver sulphate is electrolysed between 
polished platinum electrodes This black deposit is a peroxidised product 
For details, cj Mellor’s book * The nature of the product obtained with 
silver fluoride is being investigated in detail and will be communicated later 
However, this product seems to be fundamentally similar to those obtained 
with silver nitrate and silver sulphate. A preliminary analysis shows the pres- 
ence of about 80*59% of silver which, on the assumption that the product 
IS a peroxide, corresponds most closely with the formula Ag^Oa 

Reference has already been made to the earlier work by Crockford and 
Loftin^ on the electrolysis of aqueous solutions of hydrofluoric aad and the 
alkali fluorides at 0® and 25° C , between smooth platinum electrodes These 
workers also found two breaks in the current-voltage curve for the alkali 
fluorides The first break for each fluoride solution had a value lying between 
1*62±0 05 volts at both the temperatures The values for the second 
breaks at 25° C are listed in Table IV and are the total bath potentials up to 
this point. 

There is a marked discrepancy between the corresponding values of Tables 
I and IV This discrepancy, however, on closer examination, seems to be 
only an apparent one. The previous workers^ state that in makmg a deter- 
mination, approximate curves were obtained, and then accurate data were 
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Table IV 

(After Crockford and Loftiri) 


Electrolyte 

Normality 

Potential in 
volts for the 
second break 
at 25“ C 

HF 

0 108 

1 62 

LiF 

0 045 

2 47 

KF 

0 100 

2 35 


1 000 

2 23 

NaF 

0 100 

2 32 


0 755 

2 23 


obtained by taking a large number of readings at the critical parts of the 
curves By this means they have probably determii)ed the potential at which 
the current just begins to rise abruptly- this being the critical point in the cur- 
rent-voltage curve , hence the values given in Table IV are, in all probability, 
the static decomposition voltages (vide supra) plus the IR drop across the elec- 
trodes , whereas the values given in Table I are the dynamic decomposition 
voltages plus the IR drop Some ambiguity may, at first sight, arise in regard 
to the above interpretation of the previous workers’ results on account gf their 
statement that the potential up to the second break includes also the overvol- 
tages of the hydrogen and oxygen discharge on smooth platinum in the respec- 
tive solutions It may be pointed out, however, that on the probable assump- 
tion of the primary electrode process at the second break being the discharge 
of the salt ions, the above statement is of no significance 

The author is indebted to the King Edward Memorial Society of the 
Central Provinces, Nagpur, for a research scholarship which enabled him to 
undertake this investigation, and to Dr A N Kappanna, of the College of 
Science, Nagpur, for invaluable help and guidance. 

Summary 

The decomposition potentials of HF, LiF, NaF, KF, NH4F, KHFa, 
AgF, CdF| and SbFs, &nd the cathode and anode discharge potentials of 
NH4F, KHF|, AgF, CdFg and SbF|, in aqueous solution, have been deter- 
mined at 25° C at various concentrations using polished platinum electrodes. 
The current-voltage curves for LiF, NaF, KF, NH4F and KHFg have an 
initial break at about 1 55 d: 0*05 volts for each concentration, and another 
break at a higher potential which vanes with the nature of the metaUic ion, 
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and also with the concentration of the fluonde solution. The curve for SbFs 
also has two breaks, each of which, however, vanes with concentration. The 
curves for HF, CdF* and AgF have only one break each. Of the current- 
cathode potential and current-anode potential curves obtained, only the 
current-cathode potential curves for NH4F, KHF, and SbF, have two breaks 
corresponding to the respective breaks in the decomposition current-voltage 
curves , the other curves have only one break each These results have been 
discussed in detail and the inference is drawn that even alkali fluorides may 
have a true decomposition potential in aqueous solution 


1 Crockford and LolUn 

2 Willard and Winter 

3 Armstrong 

4 Ferguson and Van Zyl 

5 Knobcl 

6 Groemng and Cady 

7 Blum and Vinal 

8 Mellor 

9 Mellor 
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Introduction 

The essential feature of the theory of Kekule relating to the structure of 
the benzene ring is the existence of oscillating double bonds Consequently 
they should have no fixed positions Based upon this idea the properties 
and reactions of the compounds of the aromatic series were considered to 
be satisfactorily explained When therefore the possibility of the fixation 
of these bonds in certain favoured positions was announced, it attracted 
considerable attention and a great deal of work has been done with a veiw 
to get clear information of the behaviour of aromatic ring systems. 

Work earned out towards the end of the last century and the beginning 
of this century with reference to derivatives of naphthalene and anthracene 
indicated the existence of certain select active positions Fresh rings when 
formed tended to be of the angular type and not of the linear, as for instance, 
/9-naphthol and ^•naphthytamine formed rings (a- and ^pyrone and pyndine 
rings) involving the 2 1 positions and not the 2 3 as shown in (I). The 
same phenomenon was noticed in the case of ^-substituted anthracenes and 
anthraquinones A similar preferential activity was noticed in other re- 
actions such as bromination, nitration, aldehyde formation, etc But the first 
to develop a theory on the fixation of aromatic double bonds were Mills 
and Nixon and the phenomenon is sometimes called the Mills-Nixon effect 
If in a doubly bound carbon atom the angle a between the two single bonds 
IS the same as that between the valencies of the carbon atom in methane 
(109” 5) then the angles jS and y which the single bonds make with the 
plane of the double bond would be each equal to one half of (360®— 109* -5) 
or 125® 25 ; / e , ^ IS equal to y and is greater than a (vide II) In the 
benzene ring each internal angle is 120®, z e , y' is 5® less than y If this 
reduction of 5® in the value of y' brings about proportionate mcreases in the 
values of a' and j3' then the difference between these latter (a' and ^0 will 
be slightly more than that between a and iS. In other words, in the benzene 
nucleus constituted in accordance with the Kekule formula, the angle whidi 
eadi of the external valencies makes with die intranuclear sin^e bond op 
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the one side of it is less than that which it makes with the plane of the 
double bond on the other side, these being roughly in the ratio of 109° 125° 

On this hypothesis Mills and Nixon argued that the stable form of a 
compound in which the benzene ring is^ fused with a S-atom ring (internal 
angle 108°) must be that m which the hnking common to the two rings 
consists of a single bond since such a configuration produces httle distor- 
tion in the normal directions of the external valencies Similarly the stable 
form of a compound in which the benzene ring is fused with a 6-atom ring 
(mternal angle 120°) must be that in which the common link is a double 
bond Thus hydnndene should consist of an equilibrium mixture in which 
the form '(hth the common single bond (III) preponderates, and tetralin of 
a mixture in which the form with the common double bond (IV) is 
preponderant* 



' CH, CHg 

(11) (111) (IV) 


The effects of fixation are also brought about by fusion with other 
aromatic rings just as in naphthalene, anthracene, phenanthrene, etc Carbo- 
cychc rings having five atoms as in fluorene have a similar influence Fusion 
with heterocyclic rings such as pyrones, furans, pyndine, etc , have also been 
studied It is interesting to record that even such unstable rings as are 
found in chelate structures have a tendency to brmg about fixation of the 
aromatic double bonds. 

The Methods RnpJoyed 

As already mentioned data obtamed from the direction of ctonng up 
of fresh rings starting from hydroxy and amino compounds gave valuable 
indications Substitution reactions such as brcmunation and nitration, 
entry of aldehyde and ketone groups and formation of quinones and acids 
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in the case of isomeric hydroxy and ammo compounds were subsequently 
utihsed Ingenious methods involving reactivity of methyl groups and of 
halogens in alternative positions have been employed by Mills and collabo- 
rators Probably the most sensitive of all these methods is the formation 
of azo-dyes by the action of certain reactive diazonium salts This has been 
very largely used by Fieser who has been also responsible for introducing 
what is known as the blocking technique. If the orientation of the newly 
entrant groups is dependent upon the presence of a double bond between 
the carbon atom Having a hydroxylic or amino substituent and its neighbour 
all these methods are capable of locating the position of the double bond. 
But, as has been frequently realised it is probably more correct to say that 
there is quantitative difference in reactivity rather than any essential differ- 
ence in the quality of the neighbouring positions. Fieser’s technique of 
blocking one of the alternative positions with an alkyl group comes in very 
useful in this connection, since competition between two alternative positions 
IS eliminated (examples are given in detail in subsequent pages) Ccmbinir.g 
with the blocking technique the very sensitive method of azo-dye formation, 
he claimed to have in certain cases proved the existence of rigid fixation of 
aromatic double bonds (naphthalene, anthracene and hydnndene). Another 
satisfactory method that has been employed to a large extent by Baker in 
studying the effect of chelate rings was the migration of groups like allyl 
(Claisen) and acetyl (Fries) from oxygen to carbon A combmation of this 
procedure along with the blocking method has been employed by Rangaswami 
and Seshadri in the case of coumarins and chromones with very definite 
results 

The above chemical methods suffer from certain inherent difficulties 
since m a number of cases the treatment is not simple Physical methods 
have the advantage that they do not disturb the condition of the molecules. 
The most valuable of these is the determination of dipole moments The 
dissociation constants of isomeric acids and phenols have been employed 
in certam cases and so also the oxidation-reduction potentials of certain 
quinones Evidences from Raman spectra, infra-red spectra, absorption 
and X-ray spectra have also been obtained in a few cases The lowering of 
the melting point under water has found application in special cases where 
chelate ring structures are involved 

For an explanation of the terms * reactive methyl* and ‘reactive 
halogen * reference may be made to the article on the * jmnciple of vinylogy ’ 
by Fu8on.> A reactive methyl group is gentfally identified by Its capaoty 
to react with aromatic aldehydes and less frequently with iffithalic anhydride 
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or p'nitrosodimelhylanilme while a reactive halogen is characterised by its 
replaceability with hydrogen on treatment with reducing agents like phos- 
phorus and hydnodic acid or acid stannous chloride and with other groups 
on treatment with bases like alcoholic ammonia, aromatic amines, alkali 
hydroxides or piperidine 

Details of the application of the above methods are given in the follow- 
ing pages where the examples of the important types are dealt with. 

Benzene — Considerable amount of work has been done m regard to 
the structure of this fundamental hydrocarbon molpcule using delicate physi- 
cal methods. All the results indicate that it has a plane symmetrical struc- 
ture Of the several chemical experiments made to determine the disposition 
of single and double bonds in benzene, that of Levine and Cole* deserves 
special mention here As the result of ozomsation of o-xylene they obtamed 
three products, viz , glyoxal, methyl-glyoxal and diacetyl Neither form of 
the xylene can yield all the three oxidation products and hence the hydro- 
carbon should consist of an equilibrium mixture of the two Kekule forms 
(V) and (VI) 

While this gives one side of the picture the work of Baker and others 
shows that fixation is possible under certain circumstances even m the 
simple benzene system Baker and Lothian* found that 4-0-allylresaceto- 
phenone undergoes the Claisen transformation to produce mostly 3-allyl- 
resacetophenone though its methyl ether gives S-allyl-2-0-methyl-resaceto» 
phenone under the same conditions (vide VII) Baker and Lothian explain 
these reactions by assuming that in the former case the existence of chela- 
tion between the adjacent hydroxyl and acetyl groups fixes one of the 
nuclear double bonds between the carbon atoms carrying these groups and 
the other two double bonds are in appropriate positions as shown in (VII). 
Hence the migration of the allyl group which involves the participation of 
a double bond is directed to the 3-position When chelation is prevented 
as in the methyl ether then migration tends to produce a symmetrically 
substituted molecule 

Observations which support the above view have been made in connec- 
tion with other types of reactions as well Baker* found that though 
2-methoxy-4-acetoxy-acetophenone gave 2-4 ’-diacetyhS-methoxy-phenol when 
subjected to the conditions of Fries migration, 4-O-acetylresacetophenone 
gave a mixture of 2 ' 4- and 4 . 6-diacetylresorcmols under the same cmiditums 
owing to the operation of the forces of chelation in this case (vide Vm). 
Perkm* found that the methylation of jS-resmx^hc ester uung methyl iodide 
and methyl alcoholic potash introduced a mediyl group into the nuclear 
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position 3 Using ethyl iodide instead of methyl iodide Robinson and 
Shah* obtained similar ethylation m the same nuclear position More 
recently Rangaswami and Seshadri’ have found that under a similar treatment 
resacetophenone and w-methoxyresacetophenone produce 3-C-methyl deri- 
vatives. Again Shah and others* * have found that resorcylic ester and res- 
acetophenone undergo the modified Gattermann reaction to give the 
3-aldehydes All these are m conformity with the hypothesis that chelation 
between the hydroxyl and the carbonyl in the o-position does involve a fixed 
nuclear carbon-carbon double bond But at the same time the evidences 
accumulated by k number of workers go to show that this fixation is not 
very rigid and does not operate under all conditions For example Baker 
et al (loc at.) themselves conclude from the behaviour of resacetophenone 
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dsrivattves that ‘fixation by chelation of the Kekule forms in o-hydroxy- 
acetophenones is not rigidly complete ’ though such fixation occurs ‘ to a 
considerable extent Similar conclusions can be arrived at from the nature 
of certain coumarin condensations as reported hy Sethna et These 
authors noted that whereas methyl /3*resorcyIate and aceto-acetic ester give 
methyl 4-methyl-S-hydroxycoumarin-6-carboxylaie with aluminium chloride 
as the condensing agent, sulphuric acid produces 4-methyl-6-carbomethoxy- 
7-hydroxycoumarin ; in the first case the /-position of )9-resorcylic ester is the 
reactive one whereas in the latter it is the free /3-position 

\ 

The above irregularities are obviously due to the effect of reagents and 
temperature Chelation is a special case of the wider phenomenon of 
hydrogen bond formation From evidence accumulated in our laboratones 
chelate bonds seem to be some of the strongest of the type Still they are 
not as strong as the ordinary covalent bonds and are possibly ruptured by 
such reagents as sulphuric acid which have the capacity of co-ordination to 
a high degree (IX) Regarding the influence of aluimnium chloride some- 
what contradictory results have been reported Its behaviour probably 
varies considerably with the conditions and their effect on the changes repre- 
sented in (X) It may also be mentioned here that chelation between a 
hydroxyl and a nitro group in the o-position does not seem to involve the 
participation of a nuclear double bond 

Naphthalene — The structure of naphthalene is probably one of the most 
thoroughly investigated A large number of methods have been employed 
to study the disposition of the nuclear bonds in one half of the molecule and 
also simultaneously m both the halves Of the numerous canonical struc- 
tures only the three represented in (XI), (XII) and (XIII) are important 
since they are the most stable valence bond structures and make the maximum 
contribution to the resonance energy of the naphthalene molecule Among 
these three since (XII) and (XIII) are equivalent only structures (XI) and 
(XII) need be considered here The symmetrical formula (XI) due to Erlen- 
meyer represents the molecule as being on the whole more aromatic than 
(XU) and hence would be the more plausible Kohlrausch^* has reported 
that the unsymmetncal formula for naphthalene is inconsistent with the 
Ritnan and infra-red spectra of the hydrocarbon though the data do not 
distinguish between the various symmetrical foimuls. Chemical evidence 
favouring the idea of a double bond between positions 1 and 2 and of a single 
bond between 2 and 3 is abundant. Thus /3-naphthol couples with diazo- 
mum salts at Ci whereas 1 -methyl- and l-altyl-2-napbthols do not couple '*•** 
Agam in the formation of naphthapyrones from j3-mq>hthol it is the 1-posi- 
Uon that is involved.**'** /i-Naphthol idlyl ether rearranges to give 1-tdlyl- 
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2-naphthol but l-allyl-2-naphtholallyI ether does not rearrange (Claisen^*) 
Again /9-naphthylaniine couples at Q to form azo-dyes and undergoes the 
Skraup reaction by ring closure involving position 1 (Marckwald^*) The 
failure of 2 . 3-dihydroxynaphthalene to form a quinooe (Marckward*^ is 
definite proof that the HO C C’OH system here does not function as a 
smgle unit as it would do if the C atoms were connected by a double bond 
Further evidence for the Erlenmeyer structure can be obtained from the 
reactivity (/ e , elimination) of the halogen in chloro- and bromonitronaph- 
thalenes (McLeish and CampbclF^), bromo-aminonaphthalenes (Sandin and 
Evans^') and bromonaphthols (Franzen and Straube^) Again Hodgson 
and Elliot*’^ found evidence for the symmetrical structure in the behaviour 
of halogeno-naphthylammes during acylation, nitration and hydrochloride 
formation while Bergmann and Hirschberg’^- concluded from the dissocia- 
tion constants of o-chloronaphthoic acids that in naphthalene the single 
and double bonds have a fixed disposition as depicted by Erlenmeyer and 
do not undergo any rearrangement 

Strictly speaking all the above chemical evidence proves the disposition 
of bonds only m one part of the molecule They do not necessarily indicate 
a symmetrical structure for the entire molecule and can be explained even 
on the structure (XII) if B is the nucleus carrying the substituents Even 
the diazocouphng of 2 7-dihydroxynaphthalene at positions 1 and 8 (Ruggli 
and Courtin**) is not incompatible with the structure (XII) if it be assumed 
that substitution first occurs at C] and then following a rearrangement to the 
alternative unsymmetncal structure at C, Hence Fieser and Lothrop** studied 
the behaviour of 1 8-dialkyl-2 7-dihydroxynaphthalenc (XIV) and 1 5- 
dialkyl-2 6-dihydroxynaphth|Jene (XV) and found that they do not couple 
and that their allyl ethers do not rearrange This furnishes conclusive proof 
regarding the distribution of bonds in the entire molecule They are 
arranged as in Erlenmeyer's representation and do not change under the 
above conditions 

Thus far all the observations have gone to support the idea of the sym- 
metrical structure (XI) The study of the dipole moments of some chlorm- 
ated naphthalenes by Hampson and Wcissbergcr,*® however, cast the first 
doubt on the above conclusion. According to them “ each C-Cl bond in 
the chloronaphthalenes is directed as from the centre of the ring; if there 
18 any fixation of single and double bonds in naphthalene it is not revealed 
in the direction of the substituents ’’ Further evidence on the same lines 
was forthcoming from the work of Arnold and Sprung** who concluded 
from the values of the ionisation constants of isomeric o-hydroxy-naphthal- 
dehydes that while a double bond was largely present between Cj and Ca, 
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the presence of valence isomers with a double bond between Cg and C 3 
was also indicated. Also Baker and Carruthers” found a high degree of 
chelation not only in 2-acetyM-naphthol and l-acetyl-2-naphthol (XVI) 
but also in 3-acetyl-2-naphthol (XVII) In the last compound the structure 
IS definitely unsymmetncal with a double bond between Cg and C 3 In the 
case of these hydroxy*aldehydes and ketones the change is probably brought 
about as the result of chelation Purely chemical evidence for the presence 
of a double bond between Cg and C 3 are the conversion of sodium jS-naph- 
thoxide to the 3-carboxylic acid (Schmitt and Burkard”) and the bromination 
of l-bromo-p-toluenesulphon>2'naphthalide in the 3-position in pyridine 
solution (Bell**) The formation of 3-iodo-l-nitronaphthalene indirectly 
from l-nitro-2>naphthyl>amine (Hodgson and Elliot**) is also another 
instance of the reactivity of the 3 >positon in a 2 -substituted naphthalene 

From the comprehensive data presented above regarding the behaviour 
of naphthalene derivatives it is clear that though the double bonds exhibit 
very marked tendency to be located as in the symmetrical Erlenmeyer for- 
mula the alternative positions are not altogether excluded The characteristic 
properties of fixation are noticed in this ring system far more prominently 
than with the simpler benzene derivatives. 
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Anthracene — ^Not much critical work has been done on polynuclear con- 
densed ring systems It was Armstrong who first put forward the view 
that m anthracene there is present at least one ring (A) which contains only 
two double bonds and which together with the ethylemc linkages extending 
into the central nucleus constitutes an (H]umonoid or dihydrobenzenoid 
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system of linkages All the four stable valence bond structures (XVIII, 
XIX, XX and XXI) for anthracene are expressive of this idea But (XVIII) 
and Its counterpart (XX) are more plausible smce these structures are on the 
whole more aromatic than (XIX) and its counterpart (XXI) With a view to 
test this, Fries et al studied the brommation of 2 6-dihydroxy-anthracene 
and obtained the 1 S-dibromo derivative, but though this result supports 
formula (XVIII) it is not incompatible with (XIX) if we assume that after 
substitution in one ring (A) the bonds undergo a rearrangement so as to 
confer on ring (C) the same structure as is initially present in (A) and vice 
versa Hence Fieser and Lothrop’’^ sought unequivocal evidence by study- 
ing the properties of 1 5-dimethyl-2 6-dihydroxy-anthracene (XXII) The 
failure of this compound to couple with diazotised amines definitely proved 
that in the anthracene structure the bonds are distributed as in (XVIII) 
and that the arrangement is immobile 
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Phenanthrene — Five stable valence bond structures are possible for 
phenanthrene as in (XXIII-XXVII) of which (XXV) and (XXVI) arc equi- 
valent Mere inspection reveals that all the three rings tend to approach 
the ideal aromatic condition only according to the second representation 
(XXIV) The logical consequence would be that this structure would make 
a greater contribution to the resonance energy of the hydrocarbon than the 
others and the reactions and other behaviour of phenanthrene would be 
more in accord with it than with any of the other structures Critical 
evidence which can throw light on this problem is neither exhaustive nor 
even adequate. The great ease with which the 9 10 quinones are formed 
from phenanthrene and its derivatives indicates the presence of a double 
bond between these positions and thus defimtely eliminates formula (XXVII). 
Smith'* observed that 3-phenanthrol-4-aldehyde did not couple with diazo- 
tised amines simulating the behaviour of i-methyl-2-naphthol; the evidence 
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in this case is complicated by the existence of chelation as shown in (XXVIII) 
Recently Fieser, Young and Newman** have found that the allyl ethers 
of 2- and 3-phenanthrols undergo the Claisen transformation smoothly but 
the transformation products (obviously 1-allyl-2-phenanthrol and 4-allyl- 
3*phenanthrol) do not couple with diazotised amines and the allyl ether of 
the former does not again rearrange on heating. These evidences show that 
in phenanthrene the bonds are located as in (XXIV) or (XXV) [in the latter 
case if the substituents mentioned above are attached to ring (A) and not 
to ring (B)] and that structure (XX111) is incompatible with these reactions 
Though the behaviour of phenanthrene derivatives containing substituents 
in both the end nuclei does not seem to have been recorded, considerations 
of symmetry would dictate that (XXIV) is probably the nearest approach 
to the true configuration of phenanthrene rather than (XXV) or ^XVI) 
In fact belief in the rigid and unalterable distribution of the bonds of 
phenanthrene as in (XXIV) and in the infallibility of the diazo-coupling 
method for the location of double bonds has become so strong that this 
procedure has been employed by Fieser et al ** to assign the constitution of 
2*retinol (XXIX) to the compound previously known as A>retinol This 
compound had been prepared by Komppa and Wahlforss** and the chief 
argument in support of the constitution assigned by Fieser et al was its 
inability to couple with diazotised amines 
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Hydrindene . — ^The earlier evidence on hydrmdene seemed to favour the 
idea that it has a rigidly fixed bond structure with a single bond common to 
the two rings but more recently this has not been found to hold good in all 
cases of hydrmdene derivatives From theoretical considerations Mills and 
Nixon’* concluded that in hydrindene the form with a common single bond 
(XXX) should be the more favoured structure and in support of this they 
showed that in S-hydroxyhydrmdene and 5-acetamidohydnnden6 it is the 
6th position that is reactive to the almost complete exclusion of the 4th 
Similar results had been obtained even as early as 1926 by Borsche and 
Bodenstem ’’ They found that S-acetamidohydnndene gave the 6-nitro and 
6-bromo derivatives on nitration and bromination respectively These 
evidences, however, lose much of their significance when the behaviour of 

4- hydroxy-l 2-dimethylbenzene and 4-acetamido-l 2-dimethylbepzcne 

(XXXll) is considered These compounds are reactive only in position 

so that even in the S-substituted hydrmdene derivatives mentioned above 
the mere chemical effect of the methylene groups may be enough to explain 
adequately the formation of 6-substituted hydnndenes without any help 
from steric effects consequent on the fusion of the benzene ring with the 

5- atom ring Unambiguous evidence was therefore sought in the value of 
the dipole moment of 5 6-dibromobydnndene by Sidgwick and Sfiringall ** 
They found for the Br C C Br system of this compound a smaller value of the 
dipole moment than for the same system in o-dibromobenzene or in dibromo* 
o-xylene, thus proving definitely that there is no free resonance in hydrmdene 
and that the rings have a common single bond The same conclusion was 
arrived at by the apphcation of the rigid chemical method developed by 
Fiescr*® 6-Hydroxy-4 7-dimethylhydrmdcnc (XXXIII) gave azo>d>es with 
diazotised amines but not 6-hydroxy-5-methylhydrindene (XXXIV). On 
the other hand pseudocummol (XXXV) was able to couple with diazonium 
salts Since chemically (XXXIV) and (XXXV) are similar the difference m 
the coupling capacity of the two compounds should be attributed to stereo- 
chemical effects Obviously, owing to the fusion of the benzene rmg with the 
polymethylene ring in (XXXIV), the Ce'C? link cannot behave like a double 
bond, m other words, the bonds of hydrindene are arranged as m (XXX) 
and this arrangement is unalterable Further support to this condusion was 
afforded by the results obtained by Arnold and Evans.*’ By the ozonisation 
of hydrmdene followed by catalytic hydrogenolysis of the ozomde they obtain- 
ed glyoxal and succinic acid (obviously from cyclopentane-1 2-dione) This 
indicates that hydrindene exists mostly as (XXX) The alternative structure 
(XXXI) would have givep glyoxal and a-a'-diketopimelic aldehyde ot its 
oxidation products, none of which were detected in the final mixture. 
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Results not entirely supporting the ^id structure given above were 
first obtained by McLeish and Campbell Besides finding that the bromine 
atom in 6-bromo-S*-nitrohydrindene was highly reactive as mentioned above 
they noticed that the 4-bromo isomer also exhibited a feeble reactivity mdi- 
cating a common double bond between the two rings (type XXXI) This 
was subsequently confirmed by Sandm and Evans*' who, working mainly with 
S>amino-hydrindenes with bromine atoms in the o-positions, found both the 
6> and 4>bromine atoms reactive though to varying degrees These authors 
however added that any inference that might be drawn was m favour of 
(XXX) being the favoured structure A similar conclusion was drawn by 
Arnold and Zaugg*' who found a higher oxidation-reduction potential for 
4 7-hydrindenequinone (XXXVI) than for o-xyloqmnone (XXXVII) This 
was attributed by these authors to a “ positive Mills-Nixon type of partial 
double bond stabilisation” though the reasons for the use of the term 
* partial' are not clear More definite evidence pointing to structure 
(XXXI) for hydrindene was furnished by the experiments of Fieser and 
Lothrop*' who found that S-hydroxy-6-methylhydrindene could form azo- 
dyes under certain carefully controlled conditions A quantitative study of 
the diazo-couplmg reaction led the latter author** to the conclusion that 
hydnndetfe derivatives were inferior to /3-naphthol m coupling capacity and 
more comparable to 2 : 4-dimethylphenol The smooth Qaisen rearrange- 
ment of S-allyloxyhydrmdene when the 4- and 6-positions were sqiarately 
blocked by methyl groups also lent support to the conclusion that the bond 
fixation in hydrindene derivatives is not very rigid** The formation of 
4. fi-dibromo-S-ammo-hydrindene by direct brommation of S-ammohydrin- 
dene (Borsche and Bodenstein**) and the comparative values of the disso- 
ciation constants of S-hydroxy-6-nitrohydrmdene and of 2-nitrophenols 
(Arnold and Evans**) also show non-stabilization of double bonds as a result 
of ring fusion Again from a study of the depression in meltmg point on 
wetting Baker** found that both 5-acetyl-6-hydroxy- and 5-acetyl-4-hydroxy- 
hydrindenes are chelated though to varying degrees. These compounds 
can exhibit chelation only if a single and a double bond respectively can be 
brought into being m common between the two nngs m accordance with 
structures (XXX) and (XXXI) thereby enabhng the chelate ring to possess 
a double bond It may therefore be concluded that m hydnndene the struc- 
ture with a common single bond is the more favoured though the other 
alternative is not excluded 

Tetralln — According to the theoretical considerations developed by 
Mills and Nixon** tetralin should have a predominant structure m which 
a double bond is common to the two rings (XXXVIII). In support their 
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conclusion these authors quoted the previous findings of Schroeter*^ and of 
Smith** that 6-hydroxy- and 6-acetamidotetralin gave S-substituted com- 
pounds in bromination and diaro-coupling experiments Another evidence 
favouring this idea is the presence of a positive bromine atom m 5-bromo- 
6-aminotetralin (Sandin and Evans**) and in 5-bromo-6-hydi!oxy-7-amino- 
tetralin (Schroeter*^) This method however does not seem to be altogether 
satisfactory and consistent, since McLeish and Campbell** found proof for 
the alternative conclusion (common single bond, type XXXIX) in the behav- 
iour of 6-bromo-5-nitrotetralin (unreactive) and 6-bromo-7-nitrotetralin 
(reactive) A result which is in conformity with the latter observation is 
the formation of 6-hydroxy-7-nitrotetralin from 6-hydroxy-tetralin (Thomas 
and Kross**) Thus tctralin seems to be capable of reacting in the alternative 
structural form (XXXIX) with equal facility 

That tetralin is really to be considered as made up of a mixture repre- 
sented by the two structures was evident from the work of V Braun and 
Grttber** who subjected 6-amino-tetraIin to the Skraup reaction and obtained 
a mixture of the linear and angular varieues of the tncychc compound 
(XL and XLI) The more subtle methods of investigation are also largely 
m favour of the idea that m tetralin there is no fixation of the double bonds 
and that there is resonance in the purely aromatic sense. Thus, Sidgwick 
and Springall** found that the Br C‘C Br system in 6:7-dibromotetralin 
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had a value for the dipole moment equal to that in o-dibromobenzene and 
dibromo-o-xylene Fieser and Lothrop" found that both 7-hydroxy-5. 8- 
dimethyltetralin (XLII) and 7-hydroxy-6-methyltetrahn (XLIII) could couple 
with diazotised amines, while in quantitative expenments using the method 
of diazo-coupling tetralm derivatives were less reactive than j9-naphthol 
and more akin to 2 4<dimethyl-phenol (Lothrop**) Further Arnold and 
co-workers found 6-hydroxy-7-nitrotetralin and o-nitrophenols to have the 
same value for the dissociation constant** and 1 2,- 3,- 4- tetrahydronaphtho- 
S 8-quinone (XLIV) and o-xyloquinone (XXXVII) to have nearly equal 
oxidation-reduction potentials** showing non-stabilisation of the double 
bonds in the tetralm system 


CH, 



(xxxvm) (xxxix) (XL) (xli) 

CH, o 



(XLll) (XLIU) (XLIV) 

Fluor ene — ^There are four important structures that can be formulated 
for fluorene Of these the symmetrical ones (XLV) and (XLVl) would be 
the more plausible though the unsymmetncal ones (LXVII) and (LXVllI) 
cannot be altogether ignored in the absence of positive evidence in favour 
of such elimination (XLV) represents the fluorene molecule as essentially 
derived from cyclopentadiene while (XLVl) looks more like a cyclopentane 
compound Both of them contain an unbroken chain of conjugated double 
bonds and would have considerable stability. 

On the basis of refractivity studies Auwers et concluded that the 
aromatic rings in fluorene must be classed as similar to naphthalene and 
anthracene at least qualitatively From nitration expenments Anantha- 
krishnan and Hughes** obtained evidence for considering fluorene as dibenzo* 
cyclopentadiene. Subsequently Hughes, LeFevre and LeFevre** conduded 
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from studies of dipole moments that their data did not point to any speafic 
configuration for iluorene whose structures may be flat degenerate forms 
between (XLV) and (XLVl) 

On the chemical side the evidence which is incomplete, inasmuch as 
It refers to only one of the benzene rings and not simultaneously to both, 
does not point to any rigid structure represented by either (XLV) or (XLVI) 
Thus y-2-fluorene-butyric acid and o-2-fluoreneben7oic acid close up rings 
in such a way that the 3*position is involved “.*• These point to structure 
(XLVI) for fluorene On the other hand 2-acctoxyfluorene and 2-acetoxy- 
fluorenone undergo the Fries migration to give l-acetyl-2-hydroxy com- 
pounds®’ thus pointing to structure (XLV) However, a great many fluorene 
derivatives behave as though there is no fixation of the double bonds in any 
position Thus, Lothrop®* found that 2-allyloxyfluorcne underwent the 
Claisen transformation to give a mixture of isomers supposed to be the 
1- and 3-allyl-2-hydroxyfluorenes , both 1 2-dimethyl-3-hydroxyfIuorene 
(XLIX) and I 4-dim2lhyl-3-hydroxyfluorene (L) coupled with diazotised 
amines and their allyl ethers smoothly underwent the Claisen transformation 
thus showing that either of the o-positions of 3-hydroxyfluorene can behave 
as a reactive centre in these reactions Again 2-allyloxyfluorenone behaved 
just like 2-allyloxyfIuorene in the Claisen transformation giving a mixture 
of isomeric products,®’ and the Kolbe’s reaction with 2-hydroxyfluorene 
gave two isomeric acids (obviously the 1- and 3-carboxylic compounds)®* 
Thus the balance of evidence seems to be in favour of the idea that in 
fluorene there is little flxation of the nuclear bonds just as in diphenyl 
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Coumarin and Chromone —Though in coumann itself substitution in- 
variably takes place in the 6th position, in 7-hydroxycoumanns it is exclu- 
sively m the 8th position, When attempts are made to build up fresh rings 
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starting from 7-hydroxy-coumanns, it is the 8th position that is involved in 
the ring-formation Thus employing 7-hydroxycoumarin and bromo-acetal 
Spath*" obtained angelicin (LV) Rangaswami and Seshadri*^ similarly 
found that the Pechmann condensation between 7-hydroxycoumarins and 
malic acid or acetoacetic ester gave mostly the angular coumanno-a-pyrones 
(type LVI) Again attempts to introduce an aldehyde group into 7-hydroxy* 
coumarins gave the 8-aldehydes All these show that 7-hydroxy- 

coumanns react in the form (LI) The most reliable evidence for this struc- 
ture, however, comes from the work of Baker and Lothian® who found that 
7-allyloxy-4-methylcoumann undergoes the Claisen transformation to give 
7-hydroxy-8-allyl-4-methylcoumarin thus proving conclusively that there 
exists a double bond between the 7- and 8-positions 

Evidence which does not fall into line with the above was first obtained 
by Limaye •® He found that when 4-methyl-7-acetoxycoumann was subjected 
to Fries migration, the 8-acetyl-7-hydroxy compound which was the major 
product was accompanied by a small quantity of the 6-acetyl-isomer The 
simultaneous formation of the angular coumanno-a-pyrone (LVI major 
product) and the linear isomer (LVII, minor product) from the Pechmann 
condensation using umbelliferone and malic acid (Rangaswami and Seshadri*') 
corroborates the above observation and shows the shght but significant 
reactivity of the 6th position in umbelliferone The last-mentioned authors 
have applied Fieser’s technique to the coumarin ring system and obtained 
unequivocal evidence on the distribution of the single and double bonds ** 
They have found that 7-hydroxy-4 8-dimethylcoumarin (LVIIl) couples 
with diazotised p-nitramline and forms with mercuric acetate a mercury 
derivative which contains 2'acetoxy-mercuri groups replaceable by bromine 
atoms The allyl ether and acetyl derivative also smoothly undergo the 
Claisen transformation and Fries migration respectively All these reactions 
can be explained only on the assumption of a reactive 6-position which 
is possible only if the bonds can take up positions as depicted in (LII) 
Thus in coumarins while the normal structure corresponds to (LI) the other 
is not precluded 

From a study of dipole moments Rau** concluded that coumarin exists 
in the excited state mainly as (LIII) Besides many others the alternative 
structure (LIV) (not mentioned by this author) is also possible in which the 
situation in the lactonic part is the same. A comparison of the two forms 
clearly shows that on the whole (LIII) represents a more aromatic structure 
than (LIV) and will tend to be the more important of the two forms in entire 
agreement with results deduced from chemical reactivity 
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The theoretical considerations of the structure of chromones and flavones 
(benao-y-pyrones) and the experimental study follow on lines closely similar^ 
to those applied to the coumarins (benzo-o pyroncs) The great reactivity 
of the 8th position in 7-hydroxy-chromoncs is evident from the formation 
of the 8-aldehydc from 7-hydroxy-3-methoxyflavone by the action of formy- 
lating agents (Rangaswami and Seshadri**) Again it is the 8th position 
that IS involved in the Fries migration of 7-acetoxy-2-methylchromone 
(Wittig, et al *’’1 or its 3-acctyl derivative (Baker*") and in the Claisen trans- 
formation of the allyl ethers of 7-hydroxyflavone and 7-hydroxy-2-methyl- 
3-methoxychromonc (Rangaswami and Seshadn**) These suggest a fixation 
of the double bonds as in (LIX) But the 8-allyl-7-hydroxy-compounds 
(LXI, R '-«■ allyl) obtained from the above Claisen transformations give allyl 
ethers which arc capable of undergoing further Claisen rearrangement to 
give rise to the 6 8-diallyl*7-hydroxy-chromones and flavones (LXII)** 
This indicates that the nuclear bonds are capable of redistnbution as in type 
(LX) Further support for this conclusion is afforded by the capaaty of 
8-methyl-7-hydrox^avone and its 3-mcthoxy derivative (LXI, R= methyl) 
and of 8-allyl-7-hydroxyflavone and 8-allyl-7-hydroxy-2-methyl-3-methoxy 
chromone (LXI, R = allyl) to couple with diazotised p-nitramline *• Thus 
the initial distribution and realignment of bonds in chromones are quite 
analogous to the case of coumarins 


A close examination of the formuls (LXIII) to (LXVI) leads us to 
the same conclusion (LXIV) represents the reactive or excited state of 
the molecule and it exhibits the maximum aromatic characteristics. (LXllI) 
corresponds to a p-quinone structure In both these there easts a double 



564 


S. Rangaswami and T. R. Seshadri 



bond in common between the two rings and as a consequence the disposi- 
tion of the other bonds in the benzene part is fixed Structures (LXV) and 
(LXVl) represent other possibilities and have a single bond in common 
between the rings; but these are obviously less stable structures devoid of 
the maximum conjugation and their contribution to the behaviour of the 
molecule will be small Though small it seems to be appreciable and defi- 
nite as indicated by the experimental results recorded above 


The simultaneous reactivity of the 6- and 8-po$itions la the coumanns 
and chromones indicating the occurrence of the two alternative positions of 
the double bonds has been to some extent indicated by recent experiments 
The formation of 6 8-disubstituted derivatives from 7-hydroxy-coumann 
during mercuration, bromination and nitration using excess of the reagents 
does not really have much significance in this connection , it is possible to 
explain these reactions by assuming that first the attack is initiated at posi- 
tion 8 of the form (LI), the product subsequently changes into the form 
(LTI) and then reacts with more of the reagent in position 6 to give the 6 8- 
disubstituted compounds, provided of course that the physical conditions are 
not adverse to the progress of this second stage of the reaction (vtde Rao, 
Sastn and Seshadn^o) On the other hand the simultaneous formation of 
the 8- and 6-acetyl-7-hydroxy compounds by the Fries migration of 
7-acetoxy-4-methylcoumarin (Limaye**), and of the angular and linear ccu- 
marino>a-pyrones by the Pechmann condensation of 7-hydroxycoumann and 
malic acid (LVl and LVII*^), show that the 8- and 6-positions can be simulta- 
neously reactive in these compounds In support of this there is the evidence 
of Rangaswami and Seshadrf^ who have carried out quantitative diazo- 
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coupling experiments to study this question Starting with 7-hydroxy-4- 
methylcoumann and 7-hydroxy-2-methyl-3-mcthoxychromone and employing 
just one molecular proportion of diazonium salts they have obtained dyes 
whose compositions show that bis-azo-dye formation has taken place This 
IS not possible if the 6th position can become reactive only after the 8th 
has completely reacted, since in such a case the quantity of reagent used 
would have been completely used up by the 8th position The fact that 
bis-azo-dyes were not formed in the case of all the coumanns and chromones 
studied under the influence of only one molecular proportion of the reagent 
does not invalidate the above conclusion regarding the simultaneous reactivity 
of the 6- and 8-positions Obviously the substituent groups in these com> 
pounds are not altogether without an effect on the mobility of the nuclear 
bonds This statement receives support from similar observations by the 
same authors in other types of reactions as well Thus though umbelli> 
ferone and malic acid gave a mixture of coumanno-pyrones under the condi- 
tions of the Pechmann condensation only the angular compounds (reactive 
8-position) were formed from 4-methyl-umbelliferone and malic acid or 
cthyj acetoacetate “ 

Dibenzofurem 

Four structures (LXV11 to LXX) are important for dibenzofuran 
LXIX and LXX which are equivalent among themselves are not likely to 
be as important as the other two inasmuch as they assume that the 
molecule is unsymmetrical As between LXVII and LXVIIl the former 
represents the hydrocarbon as a furan derivative, the latter as a dihydro- 
furan derivative For maximum stability each component ring should have 
the maximum aromatic configuration and hence (LXVII) would represent 
the most important canonical structure At the same time we find a high 
degree of conjugation even in (LXVIIl) and hence the contribution of this 
form to the resonance energy would certainly come next in importance to 
that of (LXVII) Thus we seem to be having here a case similar to fluorene , 
the bonds can take up either of the alternative positions with equal ease. 

A complete chemical investigation of this question would involve the 
study of substitution not only in one part of the molecule but simultaneously 
in both the end rings. Such definite proof, however, seems to be lacking. 
The available evidence, mostly the work of Oilman and his school, shows 
that there is no specially favoured disposition for the bonds, though it refers 
only to one of the benzene rings The bromination and nitration of 
hydroxy-, methoxy- and acetamido-dibenzofurans^* and the diazo-couplmg 
of 2->hydroxy-, 3>hydroxy- and 4-hydroxy-dibenzofurans^* give results some 
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of which are in accord with formula (LX VII) while the rest are expressive of 
formula (LXVIII) 


S 4 



(LXVII) (LXVIII) (LXIX) (LXX) 

Xanthone and Xanthene 

Four important structures (LXXl to LXXIV) are possible for xanthone 
of which, by analogy with chromones, the first would be expected to be the 
nearest approach to the true structure of the molecule. LeFevre^* found 
that the dipole moments of 2 7>dibromO' and dinitroxanthones are m 
good agreement with the structure (LXXI) and further that the bonds are 
almost completely fixed as depicted in that formula If fluorescein (LXXV) 
can be considered as a xanthene derivative then valuable information can 
be gathered regarding the distribution of bonds in this system from the 
reactivity of the dye as pointed out by Sandin, et al ™ The data available 
regarding this compound have one welcome feature, derivatives containing 
substituents in both the benzene rings are easily available and are amenable 
to experimental study so that it is possible to get a complete picture of the 
entire molecule Sandin and co-workers thus found that bromination of 
fluorescein and sulphone-fluorescein (LXXVI) produced 4 S-disubstituted 


SOI o o o 



(LXXI) (LXXIl) (LXXIII) (LXXIV) 



axxv) (LXXVI) 
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compounds (Orndorif, et af*; Sandm et al*) Further m tetrabromo- 
fluorescem and 4 S-dibromo*2 7-dichlorofluorescein, the 4 and S bromine 
atoms alone were found to be reactive (Sandm, et al The dinitration of 
fluorescein again yielded the 4 5-dinitro compounds (Hewitt, et al ”) and the 
formation of bis*azo-dyes from fluorescein involved the same two positions 
(Irgraflia^B) All these suggest structures rigidly fixed as shown in (LXXl) 
for the xanthone system 

Quinoline and Isoqmnobne 

Chemical work relating to these systems was done as early as 1922 
Three structures are possible for iso-quinoline (LXXVIl to LXXIX) The 
work of Mills and Smith showed that the methyl group in I-methyl-iso- 
quinoline was reactive but not the methyl in 3-methyl-iso-quinoline Similarly 
a chlorine atom in the 1 -position was easily replaced by hydrogen on treat- 
ment with red phosphorus and hydriodic acid but not when it was present 
in the 3-position These prove the existence of a double bond between 
positions 1 and 2 in isoquinoline and of another double bond between 3 and 
4 Regarding the nature of the common link and of the bonds in the benzene 
part in iso-quinoline positive evidence is lacking, but it may probably be 
safe to assume that (LXXVIl) is the closest approximation to the true 
structure of the molecule 

Mills and Smith’* were of the opinion that in quinoline also the distri- 
bution of bonds should be just as in iso>quinoline, capable of representation 
by formula (LXXX) The theoretical structures are also of the same type as 
in iso-quinolme and their relative importance would be of approximately 
the same order of magnitude Definite evidence was obtained by LeFevre 
and LeFevre"* who concluded from the study of dipole moments of quino- 
line derivatives that the mobilities of the single and double bonds in quino- 
line derivatives are so diminished by ring fusion that the skeleton is best 
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formulated as (LXXX) and this statement seems to hold good except when 
dynamic isomerism is rendered possible as in the case of 2>metfaylquinoime 

Discussion of Results and Conclusion 

From the results presented in the foregoing pages it is clear that there 
has been a large amount of data of a chemical as well as physical nature 
relating to the question of the fixation of aromatic double bonds It is 
possible that some of them might undergo modifications as a result of careful 
revision This is due to the inherent difficulties of experimental technique in 
this line of work. Taking into consideration all factors there appears to be 
sufficient justification for concluding in favour of fixation of the double bonds 
This fixation seems to be of varying degrees, being (1) very weak when 
chelate rings are the cause of fixation, (2) more prominent when heterocyclic 
rings *)re involved and (3) more or less rigid in polynuclear aromatic struc- 
tures such as naphthalene, anthracene, etc Apparently these staten ents 
may be objectionable from the physicist’s point of view since it may be 
considered not to be in consonance with the discoveries that benzene and 
naphthalene are absolutely plane symmetneal structures But the theory 
of resonance which has been developed and employed successfully dunng 
recent years seems to eliminate all difficulties These ideas have been very 
adequately summed up by Pauling in his well-known recent book “ The 
Nature of the Chemical Bond" (1st edition, pages 131-35) It has been 
shown that the stability and characteristic aromatic properties of benzene 
can be attributed to resonance of the molecule between two Kekule 
structures, each of the six bonds in the nng acquiring half a double bond 
character For naphthalene three stable valence bond structures can be 
formulated as below 

\/\<^ 

4 

As a consequence there is brought about considerable difference between 
the characteristics of tlie different bonds Thus the bond between 1- and 2- 
positions has i double bond character whereas the one between 2- and 3- 
positions has only ^ double bond character with the result the former 
behaves very much like a double bond whereas the latter has very little double 
bond characteristics This results in an enormous difference in reactivity 
giving rise to the well-known phenomenon which has been described as 
‘fixation* In the case of anthracene and phenantbrene the differences 
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between the bonds are even greater owing to the existence of larger numbers 
of valence bond structures No correct prediction has obviously been 
attempted of the nature of the bonds when substituents which can produce 
powerful electromeric effects such as the hydroxyl, amino, bromo and nitro 
are introduced in these aromatic structures It may however be expected 
that the differences between the bonds will be further accentuated Similar 
explanations can be given of the effect of heterocyclic rings and of chelate 
rings But this fixation can never be absolutely rigid since the other bonds 
also have very small but still appreciable double bond characteristics And 
when the more reactive positions are protected, the feebler reactivity of the 
others IS exhibited especially with powerful reagents and under favourable 
conditions 

The above remarks hold good even in the case of what is known as the 
“ Mills^Nixon effect ” where saturated carbon rings, attached to two ortho 
positions of a benzene ring, make it react as though the double bonds were 
fixed in one or the other of the alternative positions 
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The mutarotation of aminomethylene-^-camphor in glacial acetic acid and in 
aqueous acetic acid solutions has been studied in this paper 

Ammomethylene-iZ-camphor was first prepared by Bishop Claisen and 
Sinclair^ Later Singh and Bhaduri^ studied its rotatory dispersion in 
several solvents Iminomethylene-cf-camphor was also prepared by 
Bishop Claisen and Sinclair {loc at), but the yield was very poor Singh and 
Bhaduri {loc cit) obtained this substance m better yield by the condensation 
of aminomethylene-rf-camphor with oxyinethylene-</-caniphor We have now 
discovered that it can be prepared very simply by dissolving aminomethylene- 
d-camphor in glacial acetic acid the conversion takes place m a short 
time and the yield is quantitative The change is complete m the cold (SS**) 
within 1 hour and 40 minutes (Table 1) The reaction is much hastened on 
boiling and the conversion is complete within S minutes It has been further 
observed that if aminomethylene*</-camphor is heated above its melting point, 
ammonia is given off and iminomethylene-i^camphor is formed 

As the conversion of aminomethylene*<f-camphor into iminomethylene-<f> 
camphor takes place with measurable velocity in glacial acetic acid solution 
in the cold, and is accompanied by a change in its rotatory power, it has been 
found possible to determine the velocity constant of the reaction (Table 1) 
The chemical reaction is found to be monomolecular and the mean value of 
fc, the velocity constant, varies from 5 94 x 10-* to 6*11 x 10-* at four 
different concentrations ranging from about 0 4% to 1 6% 

The mutarotation of aminomethylene-</*camphor m acetic acid of 90%, 
80% and 75% concentration has also been determined Whereas mutarota* 
tion in glacial acetic acid solution is accompanied by a rise m rotatory power, 
there is first a rise followed by a fall in rotatory power in aqueous acetic acid 
solution (Tables II and IV). The small rise in rotatory power in aqueous 

>lnK."l8»4,Ml,39S 

* I M Oum Soe , 1932, 9, 109. 
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acetic acid solution occurs in the first six or seven minutes of makin g up the 
solution (Tables II and IV), and after this bnef period there is a gradual fall 
in rotation which becomes constant, but the value is different in the case of 
solutions of varying strength of acetic acid If the polanmetric observation 
is delayed for about 7 minutes after making up the solution, the initial nse in 
rotatory power is not observed (Table III) The reaction m aqueous acetic 
acid solution does not follow the monomolecular equation. It is, therefore, 
clear that the reaction takes a somewhat different course in aqueous acetic acid 
solution. The reason for this anomalous behaviour is not, at present, quite 
clear, and further work for its elucidation is required Whether the presence 
of water in acetic acid brings about racemisation, and may thus explain the 
erratic changes in rotatory power is still a moot point Iminomethylene-</- 
camphor prepared from aminomethylene-d-camphor in glacial acetic acid 
solution and in dilute acetic acid (90% and 80%) has the same rotatory power 
in ethyl alcohol (Table V), but the yield in each case is different It is 
maximum in glacial acetic acid and diminishes with its dilution with water 

Experimental 

Aminomethylene-</-camphor (Igr) is heated with 25 cc of glacial 
acetic acid for about 10 minutes Water is then added to the solution when 
iminomethylene-</-camphor is thrown down It is crystallised from ethyl 
alcohol as needles, m p 216°-218° The yield being over 0 9 gr is almost 
quantitative The Isevo and racemic varieties of iminomethylene* 
camphor are obtained in the same way from I- and dl- forms of amino* 
methylene*camphor, m p 216-218° as in the case of the </-isomcnde 

The solution for polanmetric observations was made by dissolving the 
given weight of aminomethylene-</-caraphor in the solvent which had been 
previously kept in the thermostat at 35° C The thermostat was heated 
electrically and its temperature was controlled by means of a toluene regu- 
lator The temperature was read with a Beckmann thermometer, and was 
correct within l/50th of a degree centigrade The rotatory power was 
determined in a 2-dcm. jacketed tube, through which water was circulated 
by means of an electrically-driven pump from the thermostat The polari- 
meter was of the Adam Hilger tnple field type, which carried a D V spectro- 
scope in the eye-piece A vertical slit was used as a source of light at the 
polariser end, which was illuminated with a mercury arc 

The value of k, the velocity constant, is calculated from the monomole- 
cular equation, 

k =s= 

the tune beiog expressed in minutes. 
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Table I 

Solvent Glacial Acetic Acid 


I Serifs Conoentratton. g/IOO c c « 0 3904 


Tune 

Mhk54G1 

K X l(r* 



K X 10-* 


Not observed 






503 3“ 


15' 30' 

611 2** 

6 10 


516 6 

5 90 

16' 35' 

620 4 

6 10 


530 4 

5 94 

17' 35' 

628 4 



543 3 

5 92 

19' 

638 8 



555 8 

6 03 

21' 

652 2 


ir 15' 

569 9 

5 86 

24' 10' 

669 8 

5 89 

12' 15' 

580 4 

5 83 

25' 10' 

674 9 

6 14 

13' 15' 

590 4 

5 87 

29' 

691 4 

5 97 

14' acr 

602 1 

5 88 

Ihr 40' 

755 6 





eo (160 hrs ) 

755 6 






Mean 

5 98 


// Series Concentration* g/100 c c « 0 8296 


Tune 

N1f;5<n 

K X 10"* 

Tune 


K X 10-* 

Initial 

4' 40' 

Not observed 
427 9* 

■■ 

18' 


5 94 

6' 

453 2 


19' 20' 

620 8 

6 11 

9* 

503 9 


23' 20' 

649 7 

5*99 

10' 

518 3 


24' 20* 

655 7 

5 83 

13' 

557 8 


25' 40' 

663*4 

5 95 

14' 30- 

575 1 


26' 45' 

669 2 

5 95 

16' 

590*6 

5 96 

29' 

680 4 

5 90 

17' 


6 11 

eo 

756 4 






Mean 

5 98 


in Series* Concentration g/lOO c c » 1 2144 


Time 


K X 10-* 

Time 


K X in-* 

Inltiitl 

4' 

Notebwrvcd 
4M 3* 


IS' 

m 6* 

6*06 

5' 

467 6 

5-78 

16' 45' 

613 5 

5 62 

6' 

484*5 

5*99 

17' 45' 

621*7 

5 87 

7' 20' 

505*8 

6 10 

19' 

631*6 

6*04 

8' 25' 

522*2 

6 23 

20' 

639 0 

6*04 

9' 40' 

539 4 

6 06 

21' 

645 8 

5 97 

10' 40' 

551 9 

5 81 

24' 

664 5 

6 10 

ir40' 

563 6 

5 87 

25' 

669 8 

5*85 

12' 40- 

574 8 

5 94 

30' 

691*7 

5*74 

13' 40* 

585 2 

5 87 

oe 

757*6 






Mean . 

3**4 
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IV Series Concentration, g/iOOcc » 1 6488 


Time 

Nile MSI 

K X i(y-» 

Tune 

N'hVsti 

K X 10-» 

Initial 
r 40* 

Not observed 
433 6° 


15' 15' 

606 5* 

5 94 

4' 

458 9 

6 08 

17' 35' 

629*0 

6 05 

5' 

476 1 

5 94 

18' 55' 

636 5 

5 83 

6' 20' 

498 2 

6 11 

20' 

645 3 

6 95 

8' 40' 

532 2 

6 01 

22' 

658 1 

6 01 

10' 40' 

558 0 

6 07 

23' 

664 1 

6 20 

13' 

584 8 

6 17 

oo 

758 1 



t 



Mean 

6 11 


Table II 

Solvent 90% Acetic Attd 

Concentration, g/lOOcc 3672 


Time , 

[^1 He 5461 

Time 

NSITmii 

Initial 

3' 10' 

Not observed 
612*7’^ 

20 hrs. 

■H 

4' 

631 8 

44 


7' 15' 

640 0 


537 9 

8' 10' 

633 2 

M » 

510 6 

9' 

626 4 

164 „ 

463 0 

16' 

623 6 

»B .. 

4S6 1 

32' 20' 

612 7 

212 

456 1 


236 „ 

456 1 


Table III 

Solvent 80% Acettc Acid 

Concentration, g/IOOcc —O 378S 


Tune 


Tune 

Wmb 

Initial 

5' 50' 

■ 

Not observed 

IShrt 


572 9*^ 

402 6^ 

6' 50' 

367 6 

H •• 

376 2 

10' 

S59 7 

42 „ 

366*9 

17' 5' 

SS44 

>2 « 

348 5 

Ihr 44' 

334 6 

139 „ 

344 5 

3hrs 8' 

314 8 

221 

333 9 

5 „ 33' 

493 7 

317 „ 

365 „ 

332*6 

332*6 
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Table IV Table V 

Solvent 75% Acetic Acid Solvent Ethyl Alcohol 

Concentration, g/100 c c » 0 3788 Concentration, g/100 c c 0 4360 


Tune 

[“]HiS4a 

Initial 

Not observed 

3' 30' 

510 S'* 

4' 30' 

521 5 

e 30' 

516 1 

ir 30 ' 

514 8 

17' 30' 

513 5 

Ihr 23' 

493 8 

3 hrs 30' 

468 6 

22 „ 47' 

349 8 

131 „ 

297 0 

131 

297 0 


Iminomethylene-</-camphor r^isso 

prepared from I® Jh« siei 

Glacial Acetic Acid Solution 636 6^ 



The initial time of reading, given in the Tables, from the commencement 
of the solution, was not the same, but varied in different expenments. 

Further work on this compound and its Itevo-isomende is in progress 
at Allahabad. 
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In previous publications of this series,^ the authors have studied the expression 
log S log R -f- p log C, where S is the inverse setting time of the jelly when 
coagulation has been affected with an electrolyte of concentration C R and p 
are constants, the significance of which has been mentioned in previous 
papers We have shown that the expression is valid for almost all the jellies 
obtained by slow gelation of sols in presence of varying concentrations of 
electrolytes The influence of dilution, temperature and purity of sols on the 
setting of these jellies has been investigated already In the present communi- 
cation, we have studied the influence of various coagulating ions on the setting 
of feme phosphate jellies 

The quantitative expression for the coagulating power of electrolytes, 
especially with reference to the valency of coagulating ions, was given by 
Whetham ’ According to him, if discharge requires the presence of ions of 
opposite charge in the vicinity of the particle, there must be present simul- 
taneously 2 trivalent, 3 divalent or 6 monovalent ions Since the probabili- 
ties for simultaneous presence are proportional to the corresponding powers 
of the concentrations, Whetham arrived at the following formula for the 
flocculating concentrations of monovalent, divalent and trivalent ions, C], Cf 
and Cf. 

1 ]Ci 1 /Cj 1 /fs “ 1 X X* 

Chakravarti, Ghosh and Dhar’ have modified the Whetham’s equation 
slightly According to them, if N^, Nt, N 3 , > be the precipitating concen- 
trations of um-, bi-, tri-, . x-valent ions, then 

N, N« Ja ^o» • 

~ gelT>r 

where o » e "kT 
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These expressions are only valid when the coagulation process does not 
involve any complication and is guided by the mere electric attraction between 
the colloidal particle and the ion The possible complications m the case of 
an ordinary coagulation are the adsorption of similarly charged ion, the 
marked adsorbability of the precipitating ion and the large differences in the 
ionic velocity of the coagulating ions When apphed to the coagulation 
processes leading to the formation of a jelly, all these expressions are bound 
to fail The process of jelly formation starts with the charge neutralisation 
and the formation of secondary or tertiary aggregates from the primary ones, 
and then continues through the regular imbibition of water molecules round 
the completely or partially discharged colloidal aggregates, and finally ends 
into the formation of a jelly-mesh which entangles the whole of the dispersing 
phase Most of these stages directly or indirectly depend on the valency of 
coagulating ions It is difficult to find out the exact conditions of aggrega- 
tion and still more difficult would be to assign quantitative relationships to the 
surficial and structural hydration According to Rice,^ colloidal particles 

do not aggregate if — > fo”, where a is the surface density of electric 

charge, r the thickness of the double layer, D the dielectric constant of the 
medium and is the non-electncal surface tension of the colloid particle 
Rice has also shown that aggregation will become very rapid when a definite 
a IS reached. The surface density of electric charge, o, is bound to be effected 
by the adsorbed solvent layers round the partially discharged colloidal 
particle The non-electncal surface tension of the colloidal particle in such 
cases would tend to merge into the surface tension of the solvent medium. 

Experimental 

We have carried experiments with different coagulating electrolytes, such 
as potassium chloride, potassium sulphate, potassium citrate, calcium chlonde 
and barium chloride The ferric phosphate sols were prepared by the usual 
Holmes method by adding potassium dihydrogen phosphate solution to a 
solution of feme chloride in concentrations short of precipitation and 
dialysing the sol The values of P and log R have been calculated from the 
observations given below 

Concentration of the* sol =62 92 g. feme phosphate per litre Punty 
of the sol Fe/Cl = 0 3873/0 0765 = S 06 Amount of sol taken = 3 c.c. 
and the total volume=Scc. 

The above results have been summarised In Table II which show that the 
values of p and log R are not exactly the same and thus it is evident that ferric 
phosphate does not adsorb chlonde, bromide and nitrate ions to the yume 
extent, or these ions have some other more complicated preferential iw fl ii e n c f, 
The influence of different coagulating ions has been shown in Fig. 1. 
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Table I 

With mi-univalent electrolytes 



Setting 
time, $ 
(secs ) 


logs 
(- log $) 


(1) 0 51N 

(2) 0 33 

(3) 0 27 

(1) 0 40N 

(2) 0 38 

(3) 0 33 

(1) 0 60N 

(2) 0 57 

(3) 0 48 


With 1 5 N-KCi 


-0 2924 

702 '2 8463 

-0 4815 

2880 - 3 4594 

-0 5686 

5580 - 3 7466 


mth N-KNOt 

-0 3979 

4080 -3 6107 

-0 4202 

4860 -3 6866 

-0 4815 

7800 - 3 8921 

1 

mth 1 5 IV JtBr 

-0 2218 

3960 -3 5977 

-0 2441 

4560 - 3 6590 

-0 3188 

7320 - 3 8645 



The values of p and log R 
calculated 


From (I) and (2)— 
p«3 24, logR«-l 90 
From (I) and (3)- 

26. logR".-! 89 
Mean value — 
p^3 25, IogR=--l 90 

From (1) and (3) — 

/?- 3 36, logR«-2 27 
From (2) and (3H- 
p-3 35, logR^-2 28 
Mean value — 
p-3 35, logR“~2 28 

From (1) and (3)— 
p^2 75. logR-*-2 99 
From (2) and (3) — 
p^2 75, log R---2 99 
Mean value— 
p^2 75, logR-=-2 99 


:/ 7 // 




Fio 1 Influence of ditTerent coagulating ions Fio 2 Influence of uni-polyvalent dectrolytea 

Table II 
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Table III 


With mi-polyvalent electrolytes 


Cone of 
electrolyte 
used (Q 

logC 

Setting 
time, 0 
(secs ) 

logs 
(“log 0) 

The values of p and log R 
calculated 



With mChKiSO^ 


(1) 0 021 N 

-1 6778 

608 

-2 7839 

From (1) and (2)— 

P^12 98, logR^lS 99 

(2) 0 0186 

-1 7305 

2940 

-3 4683 

From (1) and (3)— 
p-=12 90, logR^18 86 

(3) 0 017 

1 

-1 7696 

9300 

-3 9685 

Mean value — 

P^12 94, logR = 18 93 


With 0 0529 N^Potas^ium citrate 


(1) 0 02116 N 

-1 6745 

1560 

-3 1931 

From (1) and (3) — 




p»14 67. logR:»21 37 

(2) 0 02063 

-1 6855 

2280 1 

-3 3579 

From (2) and (4)— 

P-^14 66, logR^21 35 

(3) 0 01957 

-1 7085 

4920 

-3 6920 

(4) 0 01904 

-1 7203 ! 

7380 

-3 8681 

Mean value — 




p*J4 66, logR><21 36 



With 0 0455 N-KsFe (CAT), 


(1) 0 01683 N 

-1 7739 

1252 

-3 0976 

From (1) and (2)— 




p^ll 27, logR--l6 89 

(2) 0 01592 

-1 7980 

2340 

-3 3692 

From (1) and (3)— 




p«ll 29, IogR--16 93 

(3) 0 01501 

-1 8236 

4560 

-3 6590 

Mean value— 




p^ll 28, logR»16 91 


The influence of uni-polyvalent electrolytes has been summarised in 
Table IV In Fig. 2 are given the graphs showing the influence 


Table IV 


Electrolyte 

P 

logR 

1 5 N.KC1 

3 25 

- 1 90 

N/10-K,S04 

12 94 

18 93 

0 0529 N-K-atrate 

14 66 

21 36 

0 0455 N-K,Fe(CN), 

11 28 

16 91 


It is clear from these figures that the values of p and log R markedly 
increase if the jelly is formed by the um-bivalent ion. The difference between 
uni’bivalent and uni-trivalent is not so marked as between uni>monovelent 
and uni-bivalent The ferrocyanide ion does not fall into the series, prob* 
ably due to the chemical reactivity with the iron sol. 
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Cone of 
electrolyte 

logC 

Setting 
time, B 

logs 

The values of ^ and log H 

used (C) 

(secs) 

(-log 0) 

calculated 

(1) 0 3536 N 

-0 4515 

tVilh 1 3i 
1104 

s Ar-Coc/g 

-3 0429 

From (1) and (3)— 

(2) 0 2992 

-0 5240 

2160 

1345 

P-AQ6. logR=-l 21 
From (2) and (3)— 

(3) 0 2448 

-0 6112 

4920 

-3 6920 

/>=4 09. logR- -1 19 
Mean value — 

(1) 0 45 N 

1 -0 3468 

i 

mh 1 5 
608 

N-BaCit 
-2 7839 

P-4 07, logR--l 20 

From (1) and (2)— 

(2) 0 30 

-0 5229 

3240 

5105 

p-4 12, IogR-=-l 35 
From (1) and (3)— 

(3) 0 27 

1 

-0 5686 I 

1 4740 

1 -3 6758 

p-4 02, logR-- 1 39 

I Mean value — 

(1) 0 3655 N 

1 

-0 4371 

fyith 1 07: 
798 

5 N-MgCIi 
-2 9020 

P-4 07, IogR-^--l 37 

From (1) and (3)— 

(2) 0 3440 

-0 4634 

1020 

-3 0086 

p«4 21,logR-- 1 06 
From (2) and (3)— 

(3) 0 2472 

-0 6069 

4140 

-3 6170 

p-4 23, logR---l 05 
Mean value— 




p-*4 22, IogR^-1 05 


The influence of poly-univalent electrolytes has been summarised in the 
following table 

Table VI 


Electrolyte 

P 

logR 

1 5 N-KCI 

3 25 

-1 90 

1 36 N-CaClg 

4 07 

™l 20 

1 5 N-BaCL 

1 075N-Mgd| 

4 07 

1 37 

4 22 

-1 05 


As 18 expected, the values of p and log R do not much change with the 
valency of the positively charged ions as the sol itself is positively charged. 

Discussion 


From the above tables we see that in case of uni-umvalent electrolytes 
such as potassium chloride, potassium nitrate and potassium bromide, the 
values of p and log R do show only a slight variation. The small differences 
are due to the specific nature of different ions which are not adsorbed by ferric 
phosphate to the same extent. The um-polyvalent electrolytes as potassium 
chlonde, potassium sulphate and potassium atrate show a marked change 
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in the values of p and log R, while in the case of potassium ferncyanide, the 
values of these constants he between those for potassium chloride and 
potassium sulphate It seems that this is due to the chemical reaction 
taking place between the sol and the electrolyte as it is evident from the 
change of colour exhibited during gelation The gelation of ferric phosphate 
sol qualitatively obeys the Schulze-Hardy law The behaviour of poly- 
univalent electrolytes as calcium chloride, barium chloride and magnesium 
chloride is practically the same and the values of p and log R do not show 
much change The constants in the case of poly-univalent electrolytes are 
a little higher than in the case of um-univalent electrolytes 

The jelly formation of ferric phosphate sol in this respect closely resembles 
the coagulation of positively charged ferric hydroxide sol It is interesting to 
note that the results obtained by Freundlich, Weiser and Dhar on positively 
charged ferric hydroxide sol are in fair agreement with ours From Freund- 
Itch’s observations,'^ the order of precipitating power of the anions is di- 
chromate > sulphate > hydroxide > benzoate > chloride > nitrate > 
bromide > iodide Dhar” has obtained from this sol the following series 
Ferncyanide '> citrate > oxalate > sulphate > hydroxide > nitrate 

> chloride 

No work has been done in this line on the coagulation of ferric phosphate 
and arsenate sols, but it is expected that these sols would also behave simi- 
larly We have shown that gelation is also essentially a coagulation process 
and therefore, similar results are expected in gelation too. From the results 
recorded in the previous tables, the values of log R are in the following order. 

With anions citrate > sulphate > ferncyanide* > chloride > nitrate 

> bromide 

With cations magnesium > calcium > banum > potassium. The 
values of p are in the following order for the feme phosphate sol 

K-citrate > KjSO* > KjFe (CN), > Mga, > BaCl, > CaCl ,> KNO, 

> KCl > KBr The difference in the value of p is very much marked only when 
we proceed from KCl to KsS 04 or to K-citrate, while in other cases the values 
are almost the same 

By coagulating or flocculating power is usually meant the concentration 
of electrolyte (expressed in moles or millimoles per litre) necessary to preci- 
pitate the sol completely in a stated time The gdation power of an electro- 
lyte can also be similarly defined in terms ot the concentration of electro- 
lyte necessary to set the sol to a gel in a stated time In order to set a sol m 


* Anomalous due to chemical reaction 
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time S, let the concentration of the monovalent electrolyte be Cj, so that 

S=logR + />logCi 

The sol with the same characteristics, p and R, would require the concentra- 
tion Cj to set the sol to a jelly in the same time S with the polyvalent electro- 
lyte. If the two concentrations are related according to Whetham or some 
other general law so that Ci — a Cj'', where r denotes some power depending 
upon the valency of the ion, the gelation time S would be given by 
S log R + p log(a C/) 

or S - log R ■+ p log o + r p log Cj 

Thus the constant log R is replaced by another constant log R -f p log a and 
the constant p is replaced by another constant r p The variations observed 
in the values of log R and p when gelation is affected with different ions as 
recorded in the previous tables qualitatively agree with these assumptions 
The quantitative differences are due to the influence of the similarly charged 
ions, different adsorbabilities and other factors which do not make the results 
exactly comparative 

Summary 


In continuation with the previous work, the authors have studied the 
influence of different coagulating ions on the setting of feme phosphate 
jellies The values of p, the jelly characteristic and R the rate constant m the 
equation log S » log R + p log C do not change much with uni-univalent 
electrolytes The slight variations with chloride, bromide and nitrate ions 
are due to the different adsorbabilities of these ions by feme phosphate When 
the jelly formation is affected with uni-poIyvalent ions the marked vanations 
are observed consistent with Whetham ’s law, or any other generalized expres- 
sion With poly-univalent electrolytes, the values of p and log R do not 
markedly change as the sol itself is positively charged 

In the end, the authors are grateful to Prof N R Dhar for his interest 
throughout the work. 
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1 Introduction 

A COMPREHENSIVE Survey of the magnetic properties of elements was first 
earned out by Honda (1910) and Owen (1912) The magnetic susceptibilities 
of nearly sixty elements were measured at temperatures ranging from that of 
liquid air to about 1200° C These important investigations have been 
supplemented by those of later workers The results of these observers have 
formed the basis for theoretical investigations on the properties of metals 
and non>metals 

A metal may be considered to be built up of a lattice of metallic ions, the 
remaining electrons of the individual atoms being considered free or partly 
bound in accordance with their energy values Pauli (1927) considered these 
electrons to constitute an electron gas and deduced the following expression 
for the paramagnetic susceptibility (X^), of such electrons in a gram atom of 
the metal 

(Xa),x 10«=48 17 9/V„ 

where q is the number of free electrons per atom and V, the width in volts of 
the energy band occupied by the electrons in the completely degenerate state 
Landau (1930) and others showed that the curvature of the paths of the free 
electrons in a magnetic field would be associated with a diamagnetic suscepti- 
bility numerically equal to one-third of the paramagnetic susceptibihty This 
gives for (XaV the expression, 

(Xa),- 32 n X ^ 

For perfectly free electrons, V, is of the order of several volts. The effect 
of the periodic potential field due to the lattice ions will be to narrow the 
bands but the above equation will still be apphcable as an approximation. 
The diamagnetism of bound electrons has been discussed by Peierls (1933) 
When the atom has only one loosely bound electron, only one band is to be 
considered This is found to be the case with the alkali metals The narrower 
the band, the greater will be the number of quantum states per unit energy 
range and the larger the paramagnetism In the case of the alkahne earth 

584 
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elements, an overlapping of the bands due to the two valence electrons should 
occur, since otherwise the solid would be non-conducting The greater the 
overlap, the larger will be the paramagnetism 

The electrons m the closed groups in the atoms will give rise to a normal 
diamagnetic effect The gram atomic susceptibility of the element is the 
sum of (X^),, the susceptibility per gram atom of the ion and (X*), 

The magnetic susceptibilities of calcium, strontium and barium were 
first determined by Owen (1912) He obtained for the specific susceptibility 
of these elements the values of 1 10, — 0 2 and h 0 93 * The metals 
used in Owen’s investigations had a fairly large iron content To allow for 
such ferromagnetic impurity, the susceptibility of an clement was detei mined 
at different field strengths The specific susceptibility Xj, of the pure specimen 

could be represented by the expression X, where X, is the specific 

susceptibility of the impure element, a the specific intensity of magnetization 
of the ferromagnetic impurity, m the mass of this impurity present in a 
gram of the substance and H the intensity of the magnetic field Honda 
and Owen drew for every element investigated, a graph between X, and H 
By extrapolating this graph, the value of the specific susceptibility at 
infinite field strength was determined This value gave the corrected specific 
susceptibility Xp 

If the iron content in a substance is negligibly small, the X, H graph will 
be very nearly parallel to the axis of H Owen’s results for calcium, strontium 
and barium show a very large ferromagnetic content, the X, H graphs being 
very steep Hence the specific susceptibility values obtained by extrapolating 
such graphs are likely to be vitiated by errors of extrapolation Owen’s 
results show that whereas calcium and barium are paramagnetic, strontium 
appears exceptional in being diamagnetic Two specimens of strontium 
were studied by Owen, the range of field-strength being from about 13 to 26 
kilogauss. The specific susceptibility for one of the specimens varied from 
about -F 6*4 to about -t- 3*4 in the above mentioned range of field strength 
In the case of the other specimen this variation was from -f- 2 7 to -f 1 *2. 
Thus the observed specific susceptibilities of strontium were all paramagnetic. 

Stoner (1934) drew attention to the possibility of an overcorrection for 
the relatively large iron content, resulting in a duimagnetic value for 
strontium. The present investigation was undertaken with a view to examine 
this problem. A careful thermomagnetic examination of strontium has also 


* AS ioicqptiUlity values in this paper are given m 10-* unit 
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been made Owen studied the specific susceptibility of this element at difT- 
erent temperatures ranging from about — 160°C to + 15®C and found no 
variation in this temperature range But the susceptibility of the specimen 
was about + 8 and measurements seem to have been made at different tern- 
I^eratures only at one field strength 

Lane (1933) studied the specific susceptibility of barium in the range of 
temperatures 20° C to 400° C The value increased from +0 145 at 20° C 
to + 0 41 5 at 400° C A slight discontinuity in the x. T curve at about 350° C. 
was observed A change of slope of the curve connecting electrical resistance 
and temperature is also found at about 350° C This result may be explamed 
if It IS assumed that the top of the Fermi distribution occurs in a region where 
the bands corresponding to the two valence electrons overlap 

2 Experiment 

The metal available was a pure specimen of strontium from Merck A 
spectroscopic analysis showed the presence of traces of calcium and lead 
A chemical examination was made by dissolving a known weight of strontium 
in hydrochloric acid and precipitating the sulphate The purity of the specimen 
was found to be not less than 99 8% 

The specific susceptibility of strontium was determined by the Cune 
method Small bulbs containing 20 to 60 mg of strontium were prepared 
in the following manner A pyrex glass tube having a diameter of about 
5 mm was blown to have the shape shown in Fig 1 After thoroughly 
cleaning and drying the tube, a suitable quantity of strontium was mtroduced 
into the tube The end A was connected to a high vacuum equipment and 
the pressure brought down to 10~* cm of mercury The tube AE was warmed 
with a bunsen burner in order that traces of paraffin oil (into which the given 
specimen of strontium was immersed) might evaporate away The metal 
above the constriction at B was then heated by a blow*pipe flame. By 
jerking the tube vigorously, the molten metal was made to pass through the 
constrictions B and D into the spherical bulb £ Any oxide film on the 
metal was removed by the constrictions The metal which collected in E 
possessed a bright metallic lustre The tube was finally sealed off at D, the 
molten glass being drawn into the form of a hook to enable the bulb E to 
be suspended during the magnetic measurements. 

The electromagnet used was a large one of the Pye type. The pole* 
pieces of diameter 5 cm were kept suitably inclmed to give nse to a non*uni* 
form field The electromagnet was capable of carrying a current of about 
IS amperes. Since the maximum current used in the present investigation 
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was only 6 amperes the heating of the coils was very little. The currents were 
measured with an ammeter of the Cambndge Scientific Company, reading 
accurately to 0*05 ampere and by estimation to 0 005 ampere The deflec- 
tions were read by a lamp and scale arrangement 

The retorsion method was adopted In the presence of the magnetic 
field the bulb containing the specimen under mvestigation was brought to the 
same position as could be judged by the spot of hght on the scale 

The standard substance used was water, the specific susceptibility of 
which was assumed to be ~ 0*72 at 30" C. . 

The bulbs were weighed with a Sauter’s balance correctly to withm 0 1 mg 
After the magnetic experiments, the bulbs were broken open The metal 
was dissolved in dilute nitric acid The magnetic deflections correspondmg 
to the bulbs were then determined after drying them in a vacuum desiccator 
for a day The masses of the metal specimens vaned from 20 to 60 mg. 

It may be shown that if d, and are the deflections produced by TiniBci»g 
m, and of strontium and water respectnely 

df ^ 

where Xt Xw ^te the specific susceptibihtes of strontium and water respec- 
tively, 18 the volume susceptibility of air at the room temperature and 
and v/ are the internal volumes of the metal and water bulbs. 

During the determination of the specific susceptibility of strontium at 
high temperatures, the volume susceptibility of air at any absolute tempera- 
ture T was determined from the relation kffT*=m a constant The volume 
susceptibility of air at N T.P was assumed to be + 0 029 * 

3 Results 

The results obtained with 9 specimens are given in Table I 

The values of the specific susceptibility at different field currents are 
given in column 4 The last column gives the specific susceptibility of the 
metal obtained by drawing i/H graph and extrapolatmg it to infimte 
field strength. The average specific susceptibility of strontium is found to be 
+ 1 *05 ± 0*03 The element is thus found to be paramagnetic, contrary to 
the observations of Owen (1912) who obtamed the value of- 0 2 for the 
metal The gram atomic susceptibility of the metal is therefore -|- 92 *0. 

The specific susceptibility of strontium was detemuned at different tem- 
peratures ranging from 0 to 260* C The bulb containing strontium was 

* tM Crtf Tobin, 1929, 6, 334 

A$o p 
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Table I 


Bulb 

Mass 

Current 

X 


XipiXtr 

poiated) 

No 

(tng) 

(amperes) 



1 

28 7 

2 


■ 




3 

4 

3*42 

2 34 

■ 

1 02 



5 

2 10 



2 

42 9 

2 

4 14 





3 

2 75 





4 

2 n 


1 02 



5 

1 84 





6 

1 76 



3 ! 

34 5 

2 

3>62 




1 

3 

4 

2 50 

1 8t 


1 03 



5 

1 69 



4 

54 5 

2 

3 41 





3 

4 

2 3S 

1 7S 


1 02 



5 

1 63 



5 

64 8 

2 

2 80 





3 






4 

1 63 


1 08 



5 

1 51 





6 

1 42 



6 

40 6 

2 

2 02 





3 

4 

1 61 

1 38 


1 08 



5 

1 35 



7 

51 8 

2 

1 91 





3 

4 

1 53 

1 38 


1 06 



5 

1 32 



8 

56 3 

2 

1 64 





3 

1 35 


1 06 



4 

1 25 



9 

61 0 

2 

1 83 


■■ 

1 



3 

4 

1 50 

1 33 


' >06 



5 

1 24 




heated by enclosing it inside an electric heater made by winding con- 
stantan wire on an asbestos cylinder. The pole pieces were cooled by cotton 
wads drenched with iced water. The magnetic field inside the heater was 
in no way disturbed by the heating coils. 

A preliminary investigation was carried out by endosing inside the heater a 
thermometer, reading to 340** C and one junction of a thermo-dectric couple 
made of silver and constantan wires. The termmals of the thermocouple 
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were connected to a sensitive pointer galvanometer A graph was drawn 
between the reading of the galvanometer and the corresponding thermometer 
reading, by gradually inci easing the temperature inside the heater During 
the magnetic experiments, the temperature of the heater was determined by 
using the themocouple Test experiments showed that temperatures 
measured in this manner were accurate to within S° The specific suscepti- 
bility at the temperature of melting ice was determined by enclosing the speci- 
men within a chamber cooled outside by melting ice 

The variation with temperature of the susceptibility ot the pyrex glass 
containers was studied separately The bulbs were found to possess a 
diamagnetic susceptibility which was constant in the temperature range 
investigated 

Fig 2 shows the graph drawn between the specific susceptibility of 
strontium and temperature The specific susceptibility is found to increase 
from 1 02 at 0°C to about 1’09 at 65° C Thereafter the susce ptibility 
decreases gradually to about 0 73 at 260° C 
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Fig. 3 shows the graphs between x and 1/H at temperatures of 30°, 64°, 
150° and 260° C These graphs are presented to show how x vanes with 1/H 
in the different ranges of temperatures studied The slope of the straight line 
graphs Is found to decrease appreciably at higher temperatures. One would 
expect this to take place in view of the decreasing intensity of magnetization 
of the ferromagnetic impurity at the higher temperatures 

4 Discussion 

The gram atomic susceptibility of the metal is found to be -f 92 0 If 
the ionic susceptibihty of Sr*** is assumed to be — IS 6 after Kido (1933), we 
obtain for the contribution to the susceptibility (xa)« of a gram atom of the 
A9 t 
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metal by the valence electrons (2 per atom) the value of + 107 6. From the 
equation 

(^a), 

where 2 for the strontium atom, V is found to be 0 6 volt This 
measures the width of the occupied energy range in the completely degenerate 
state of the valence electrons m the metal This result supports the observa- 
tion of Stoner (1934) that in the alkaline earth elements, the electron energy 
bands are much narrower than for free electrons. Our observation bnngs 
strontium in a line with calcium and barium so far as their magnetic properties 
are concerned 

The temperature variation of the specific susceptibihty of strontium seems 
to be of special interest Considering the Fermi energy distribution of the 
two overlapping bands, the high value of the specific susceptibility of strontium 
indicates that the overlapping of the bands must be considerable The tem- 
perature coetficient of susceptibility of a divalent element has been shown 
(Stoner, 1936) to be dependent in a critical manner upon the relation between 
V (e) the number of states per unit energy range and the energy e of the over- 
lapping bands It would be of interest to apply these considerations to stron- 
tium in the light of the results explained above 

In magnetic properties, strontium seems to behave like the rare earth 
elements It has a comparatively high paramagnetism A clear account 
of the spin paramagnetism of the rare earths is given by Wilson (1939, 69) 
In the absence of a magnetic field, the number of free electrons with their 
spins along the direction of the field is equal to the number with their 
spins in the opposite direction The effect of the magnetic field H is to 
increase the former and decrease the latter The reversal of spin increases 
the kinetic energy of such electrons which go into higher energy states 
which were unoccupied It is found therefore that the electrons near the 
top of the Fermi distribution really contribute to the paramagnetism in 
these cases 

Stoner (1936 <z) has derived the following formula for (xa)« the elec- 
tronic contribution to the gram atomic susc^tibility 

(XJ,xlO*-64 21 [l+ 1 -222x10- T> J 

Here n (V) is the number of states for one direction of spin per atom 
per volt, T is the absolute temperature and V« is the maxunum Fermi energy 
in volts. 
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The spin susceptibility will increase or decrease with temperature in 
the low temperature range as the sign of the quantity 

fl J)*/i _ /I 

tn JiV* \n SV/ J v=.v, 

is positive or negative If instead of in volts, the energy is expressed in 
ergs, the above expression changes to 

fl _ (\ Snyi 

In lie* Vnac/ j,-,, 

Tt may be shown that the temperature coefficient of the susceptibility 
due to electrons in an isolated band will be negative For in the above 
expression, the first term may be shown to be negative in such cases and the 
second term is negative or zero 

When there is overlapping of two bands as in the case of the alkaline 
earth elements, the sign of the temperature coefficient of susceptibility will 
depend on the extent of overlapping The high paramagnetism of strontium 
shows that this overlapping must be considerable It is of interest that in 
exactly such a case the temperature coefficient of the paramagnetism due 
to electrons assumes importance The variation of /i(e) as a function of 

$*n 

c when the bands overlap considerably may be such that may be posi- 
tive and sufficiently large when e— <o, the maximum Fermi energy In 
this case a positive temperature coefficient will be obtained The positive 
temperature coefficient obtained by Lane (1933) for the paramagnetic suscept- 
ibility of barium could be generally explamed on this basis But the increase 
18 so large that a satisfactory quantitative explanation on these lines could 
not be given 

If increase of temperature brings about directly or indirectly a displace- 
ment of the second band relatively to the other reducing the extent of over- 
lapping, the temperature coefficient may change over from a positive 
to a negative value At very large temperatures, the susceptibility should 
decrease with T for, when the electron behaves classically, we have the 
volume susceptibility K varying as T'* 

The question arises whether the relative displacement of the second 
band at temperatures within lOO^C could be brought about directly by 
temperature variation or by changes m physical properties resultmg from the 
elevation of temperature Unfortunately data relating to strontium are very 
meagre and no difinite indication is available under this head. 



592 


S. Ratnachandra. Rao and Miss K. Savithri 


However, mention may be made of the investigations of findgman who 
studied the electrical resistance of calcium and strontium at 0°, 50° and 
100° C at different pressures The pressure coefficient of calcium was found 
to increase with rising temperature That of strontium decreased very 
slightly at 0° C with rise of pressure, but at 50° C , it mcreased with rise of 
pressure to 2000-3000 kilograms per sq cm then showed a flat maximum 
and then decreased At 100° C the behaviour was like that at 50° except 
that the maximum was sharper, Mellor (1923, 636) These results show 
that the behaviour of strontium at 0°C is different from that at 50° C. 

Summary 

The specific magnetic susceptibility of strontium has been determined 
by the Curie method The value at 30° C is found to be + 1 05 x 10-® A 
thermomagnetic investigation of the metal showed the specific susceptibility 
to increase from 1 *02 x 10~® at 0° C to 1 09 x lO"* at about 65° C The 
susceptibility decreased thereafter to + 0 73 x 10~' at 260° C Attention is 
drawn to the interest which these observations have in the light of the 
Fermi distribution of energy of the valence electrons of strontium 
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The hydrogen bond or the binding of two atoms by means of an atom of 
hydrogen has been successfully employed to give concreteness to sii ch irdcfi- 
nite terms as partial valence, secondaiy forces, co-ordination, association and 
ortho-effect Such a role of hydrogen (secondary forces) seems to have been 
first postulated by Moore and WinmilP to account for the differences in 
strength between tertiary and quarternary ammonium bases The idea was 
developed into ‘ the hydrogen bond ’ withm the scope of Lewis valence 
theory by Huggins* and Latimer and Rodebush* to account for the association 
of water and for the formation of ions such as HF,- It was mitended to 
organic compounds with special reference to chelate structures by Sidgwick,* 
who considered it as a particular case of Werner’s co-ordination theory This 
concept of hydrogen bond implies the capacity of hydrogen to assume a 
co-valency of two Association between two molecules is represented as 
-A H A'- where A and A' arc the electronegative atoms of the two mole- 
cules which the ‘ H ’ atom holds together The physical objections to this idea 
of co-valency of two for hydrogen, which imphes a group of four shared 
electrons are very strong The difficulties, however, seem to have been 
overcome by introducing the idea of resonance* between two structures in the 
first of which the ‘ H ’ atom is attached to one and in the second to the other 
of the two atoms which it holds together (R H R', R H R') What- 
ever may be the exact details regarding the mechanism of the hydrogen bond, 
its occurrence is beyond doubt and there is good evidence for the capacity of a 
hydrogen atom to hold two other atoms together 

Newer methods of investigation have provided extensive experimental 
material which supports the theory of hydrogen bonds m a remarkable 
manner The importance of this subject and the interest evinced by workers 
in various fields of investigation is clearly indicated by the recent discus- 
sions of the Faraday Society * Studies on the crystal structure of both in- 
organic and organic compounds have revealed several features mdicating the 
existence of hydrogen bonds The work of Paulmg and Brockway,* employ- 
ing the method of electron diffraction, has definitely established the existoice 
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of dimers of carboxylic acids involving hydrogen bonds. But by far the 
most important contribution to our knowledge of the subject has been made 
by the investigations of infra-red absorption spectra Wulf and collabora- 
tors" have examined the spectra of many organic compounds in solution and 
noticed the absence of the second harmomc of the OH band m cases where 
hydrogen bonds were to be anticipated An account of sinular work turned 
out in Cotton’s laboratories in Paris since 1932 is given by Freyman • Buswell, 
Dietz and Rodebush^ investigated a large number of compounds using the 
region of the fundamental hydroxyl band and found the important general- 
isation that the presence of hydrogen bonds is accompanied by a consider- 
able increase in the absorption and a marked change in the frequency of the 
band, the shift being in the direction of longer wavelengths This work has 
been confirmed by other investigators^^ independently Walter Gordy and 
co-workers^^ have made an extensive series of investigations on liquids and 
binary liquid mixtures and thus obtained information regarding the forma- 
tion of hydrogen bonds between similar as well as dissimilar molecules No 
attempt has, however, been made in this paper to give any exhaustive account 
of the infra-red studies; only items relevant to the discussion on Raman effect 
and hydrogen bonds have been included 

In regard to the application of the Raman effect to the study of hydrogen 
bonds no systematic investigation has so far been reported, though the con- 
cept has been utilised by some workers^" in the past to explain certain pecu- 
liarities in the Raman spectra of compounds and binary mixtures observed 
by them Since the potentialities of this method are obviously great, the 
investigations described in this series of communications have been under- 
taken The usual procedure adopted in infra-red spectroscopy is to deter- 
mine the effect of hydrogen bond formation on the absorption of the group 
which carries' the hydrogen, as for example the OH group of alcohols and 
phenol It IS relatively in very few cases that the effects of the bond on the 
second group involved, such as the C = O in carbonyl compounds, have been 
examined The large amount of data obtained from infra-red studies seems to 
indicate that hydrogen bond formation is more or less universal in liquids 
and liquid mixtures of molecules having donor and acceptor atoms In our 
investigations attention is confined to cases of hydrogen bond formation 
where the oxygen of the C «= O group of various carbonyl compounds acts as 
the donor Such cases may be represented as below — 

H-0-» 

It readily follows that there should be a weakening of the C^O bond 
resulting in a lowering of the frequency of the hne attributable to this bnkage. 
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In this procedure possibilities of accuracy and dflfinitene sa are greater 
since the Raman line of the C = O is usually bnght and sharp and any 
modifications undergone by it can be easily recorded On the other band 
the utilisation of the OH group is difficult for two reasons, viz , (i) the 
difficulty of recording the OH band and (ii) the non-existence of any hydroxylic 
compound devoid of hydrogen bond m it for use as the correct standard 

Hydrogen bonds can be classified broadly under two heads namely, 
intermolecular and intramolecular hydrogen bonds In the former, the 
two atoms linked by the hydrogen belong to different molecules whereas 
in the latter they are present in the same molecule Intermolecular hydrogen 
bonds may further be subdivided as the homo- and the hetero-molecular 
types according as the union is brought about between similar and dissimilar 
molecules respectively These bonds are represented by many American 
workers by means of dotted lines joining the donor atom and the hydrogen 
It seems to be more reasonable to represent them by means of arrows 
pointing in the direction of the pull of electrons as > C=0-»-H-0-R 
The terms donor and acceptor are used by some“ in connection with the 
proton but it appears to be more correct to refer them to the electrons since, 
according to the ideas advanced by Sidgwick,* it is only the electrons that 
change their positions in the resonance condition Furdier, this will be in 
accordance with the accepted usage of these terms in connection with 
co-ordinate valency 

The essential requisites for the formation of hydrogen bonds are (i) the 
existence of ‘ H ’ atoms with the capacity to serve as acceptors and (ii) the 
presence of atoms having free pairs of electrons, enablmg them to act as 
donors As examples may be mentioned ‘ H ’ atoms present in hydroxylic 
and amino compounds under category (i) and oxygen, nitrogen and chlorine 
atoms under category (ii) Consequently the strength of hydrogen bonds 
will depend upon the amonoid power of the donor and the cationoid power 
of the acceptor atoms and a large variation in bond strength is possible 

In this connection it may be recalled that Bernal” proposed to distinguish 
between two types of hydrogen bonds and to call them the hydrogen and 
the hydroxyl bonds respectively “ In the hydrogen bond the hydrogen atom 
IS attached with almost equal firmness to the two oxygen atoms which it joins, 
the O— H * O distance being 2 • 50-2 65 A correspondmg to an energy of the 
bond of about 8000 cal / mol The 0-H links in these conditions are greatly 
weakened and the characteristic OH band is not found m the normal spectral 
region, In the * hydroxyl bond ’ the hydrogen atom is still regarded as 
belonging to its parent oxygen, although the 0-H Imk is somewhat weakened 
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and the band is observed at a lower frequency The distance O — -O in 
this type of bond is taken to be 2 7 to 2 9 A and the energy involved about 
5,000 cal /mol Venkateswaran^* in the course of hb work on the Raman 
spectra of some inorganic acids came to the conclusion that, in view of the 
fact that the hydrogen bonds are capable ofexhibiting varying bond strengths, 
the distinction between the two types as proposed by Bernal is too artificial 

With a view to test the validity of the generalisation namely ‘ the anionoid 
power of the donor atoms and the cationoid power of the acceptor atoms 
determine the strength of hydrogen bonds ’ and to examine the need for 
division into diffeient categones as proposed by Bernal, a large number of 
organic compounds containing C — O groups of different types and mixtures 
of these with phenol, alcohol, and chloroform have been investigated Inci- 
dentally It was expected that the results would supplement data obtained from 
the study of infra-red spectra 

The experimental methods are essentially the same as those described by 
us in our former publications in these Proceedings In this part the results of 
investigation of the Raman spectra of various esters and their mixtures with 
acceptors like phenol, methyl alcohol, ethyl alcohol and chloroform are dealt 
with The following esters have been employed 

(n Ethyl acetate, (2) Ethyl benzoate, (3) Ethyl cinnamate, (4) Phenyl 
acetate, (S) Phenyl propionate, (6) Phenyl benzoate, (7) Phenyl cinnamate and 
(8) Benzyl-acetate In addition to the above, coumarm has been also included 
in this part because, as shown by us previously it behaves very much like a 
phenyl ester 

Pure substances were available m most cases and they were further puri- 
fied by repeated distillation or crystallisation High boiling liquids were as 
a rule distilled under reduced pressure Phenyl propionate was prepared 
by heating dry phenol with sodium propionate and propionic anhydnde at 
160" C in an oil bath for six hours It was repeatedly washed with sodium 
carbonate solution, ether extracted, dried over anhydrous calcium chlonde 
and distilled under reduced pressure after the ether had been driven off 
Phenyl cinnamate was prepared by the action of phenol on cmnamoyl chlonde 
in the presence of pyridine It was recrystallised several times from alcohol 
Phenol was dried over calcium chloride and distilled perfectly out of contact 
with air and moisture and fresh samples were employ^, because on keeping, 
it acquires a reddish colour which is likely to absorb much of the exciting 
radiation, viz , 4358 A Methyl and ethyl alcohols were purified by 
distillation over calcium turnings Chloroform was subjected to slow 
distillation 
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A description of the spectra of the substances as recorded by us is given 
below and subsequently the effects of mixing the esters and the accepts 
solvents on the carbonyl frequencies are dealt with No attempt is made to 
give any exhaustive list of references to the previous work on the Raman 
Spectra of the substances because they could easily be obtained from the 
recent book published by Hibben “ However, select references relevant to 
the discussions are given in proper places 

Spectra of the Donor Substances in the Pure State 

(Figures within brackets indicate visual estimates of the relative inten- 
sities) 

k\) Ethyl acetate —^l(> {9) 633(9) 784(3) 846(10) 916(1) 938(1) 
999(1) 1045(2) 1096(1) 1114(3) 1452(6/.) 1739(6/.) 2880(1) 2940(8/.) 
2982 (lb ) 

(2) Ethyl benzoate —m (3) 214(2) 326(4) 395(1) 488(1) 588(1) 
619(6) 677(4) 783(2) 809(2) 852(5) 1004(10) 1029(3) 1112(3) 1160(2) 
1 178 (2) 1277 (5) 1314 (2) 1371 (2) 1381 (2) 1453 (3) 1493 (1) 1602(10) 1720 (8) 
2935 (2) 2972 (2) 3076 (6) 

0) Ethyl cmnamate— 214(1) 357(1) 580(1) 618(1) 715(2) 840(2) 
945(2) 974(2) 1000(7) 1030(3) 1153(2) 1180(4) 1202(6) 1255(2) 130(1) 
1450 (2) 1578 (2) 1598 (7) 1634 (10) 1712 (56) 2940 (1) 3066 (1) 

(4) Phenyl acetate (\) 239(4) 272 (4) 341 (1) 529(5) 597(1) 
618(4) 664(4) 694(2) 744 (5) 815 (5) 829 (1) 892(2) 926 (1) 1004(10) 
1027 (3) 1079 (1) 1163 (6) 1195 (6) 1262 (1) 1311 (1) 1369 (1) 1429 (1) 1448 (1) 
1596 (8) 1766 (3) 2912 (2) 3047 (2) 3070 (7) 

(5) Phenyl propionate —m (\) 230(2) 268(2) 338(1) 529(3) 618(2) 
660(2) 740(3) 820(4) 890(0) 926(0) 1004(10) 1030(2) 1163(3) 1195(3) 
1598 (6) 1760 (3) 2912 (1) 3072 (5) 

(6) Phenyl benzoate —340 (3) 610(3) 674(1) 850(2) 1000 (10) 1030(2) 
1115 (2) 1158 (2) 1176 (1) 1274 (3) 1310 (1) 1365 (1) 1450 (2) 1604 (10) 1740 (7) 
2930 (1) 3070 (5) 

(7) Phenyl cmamate,— (The spectrum was studied in solution m carbon 
tetrachloride.) 

274(1) 375(1) 580(1) 618(1) 715(2) 840(2) 945(2) 974(2) 1000(7) 
1030 (3) 1153 (2) 1180 (4) 1202 (6) 1255 (2) 1301 (1) 1450 (2) 1540 (2) 1570 (2) 
1596(7) 1633(10) 1742(4) 2940(1) 3067(1). 

(8) Benzyl acetate.-\%l (2) 223 (2) 263 (1) 300 (1) 329 (1) 426 (0) 499 (1) 
580(5) 619(3) 642(2) 751 (5) 820(1) 839(3) 919(2) 1002(10) 1028(4) 
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1077 (3) 1119 (3) 1157 (3) 1181 (2) 1213 (1) 1244 (1) 1263 (2) 1452 (2) 1585 (2) 
1606 (8) 1745 (4) 2940 (2) 3070 (7) 

(9) Coumarin — (a) Solution in carbon tetrachloride. Frequencies bet- 
ween 1000-2000 cm are given below — 

1030 0) 1102(3) 1125(3) 1158(3) 1178 00) 1228(4) 1257 r2) 1330(4) 
1457(2) 1492(2) 1570(8) 1610(6) 1625(6) 1742(6) 

(6) Pure solid melted and resolidified — 1030(1) 1100(3) 1128(3) 
1156(3) 1181 (10) 1228(4) 1260(4) 1328(6) 1457(2) 1486(4) 1567(8) 
1604 (6) 1620(6) 1708 (6) 1731 (6) 

Spectra of Acceptor Substances 

(\) Phenol —236 (3) 532(1) 624(2) 750(1) 812(1) 826(1) 1000(10) 
1028 (6) 1070 (0) 1158 (2) 1167 (3) 1255 (1) 1595 (5) 1601 (5) 3014 (0) 3046 (3) 
3060 (10) 

(2) Ethyl alcohol —434 (\) 880(6) 1051 (3) 1095(3) 1453(5) 2875(5) 
2930 (10) 2972 (4) 

(3) Methyl alcohol —1030 (4) 1464(5) 2838(5) 2945(6) 

(4) Chloroform —264 (5) 367 (5) 688 (10) 765 (56) 1220 (1) 

In general the esters were mixed with the solvents in the proportion, 1 .1 
and the spectra of the mixtures compared with those of the pure substances 
When solids like coumann and phenol were concerned the two molten sub- 
stances were mixed and the Raman tube containing the molten mixture 
was kept at about 80® C by means of an electric heater In many cases it was 
observed that the spectra of the mixtures showed conspicuous changes as far 
as the C — O frequency was concerned 

Mixtures of Esters with Phenol 

The results obtained with these mixtures are presented in Table I. The 
most striking effects are noticed here, in all cases new C = o lines which are 
bright make their appearance and these are attributable to hydrogen bond 
formation as represented below — 

R-C-O-^ 

OR 

Except the case of coumarin mixture, in whidi the original C O frequency 
has completely disappeared, the others continue to exhibit the unchanged 
frequencies of the esters with considerably diminished intensity Obviously 
the mixtures contain a portion at least of the uncombmed esters. The larger 
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Table I 


Name of the substance 


£thyl acetate 
Ethyl benzoate 
Ethyl cinnamate 
Phrayl acetate 
Phenyl propionate 
Phenyl benzoate 
Benzyl acetate 
Coumarm 


frequency C»0 frequency 

in the pure in mixtures with 

state phenols 



1760 

1740 

1745 

1742 

(in CCI4) 


1700, 1739 
1693, 1720 
1685» 1712 
1716, 1766 
1710, 1760 
1704, 1740 
1715, 1745 
1710 


OitTerence 


39 

25 

27 

SO 

50 

36 

30 

32 


shifts are noticed with esters having high C frequencies and vue-versa^ 
the range in the values lies between 50 and 25 wave numbcis 

Ester Alcohol Mixtures 


Anhydrous ethyl and methyl alcohols were employed and it was noticed 
that the two gave identical results as far the C — O frequency shift was con- 
cerned* Here also coumarm mixtures gave a new C = O frequency, the ori- 
ginal one having disappeared In regard to the others the effects are not so 
prominent as m the case of phenol The results are presented in Table II 
and the changes are attributed to the formation of hydrogen bonds of the 
following type 

II -O-CH, (or CtHp) 

OR' 

Table 11 


C»=0 frequency C«0 frequency 

Name of the substance m the pure in mixtures with 

state alcohol 



Diffuseness of the lines mentioned above is towards shorter wavelengths and 
4oes not exceed 15 wave numbers 


Ester^Chloroform Mixtures 

The tendency to form hydrogen bonds is, in general, as weak as 
in the case of the alcohol mixtures as will be evident from Table III, 
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However, counuu-in, phenyl cinnatnate and phenyl acetate exhibit marked 
shifts in the C = O frequencies even here due to complex formation as 
below 

Cl 

I 

R-c^o-> n-c-ci 
I , I 

OR' Cl 


Table ITT 


Name of the substance 

C^O frequency 
in the pure 
state 

C==0 frequency 
in mixtures with 
chloroform 

Ethyl acetate 

1739 

1736 

Ethyl benzoate 


1722 

Ethyl cinnamate 

1712 

diffuse 

Phenyl acetate 

1766 

1746. 1766 

Phenyl benzoate 

1740 

diffuse 

Phenyl cinnamate 

1740 

1722 

Benzyl acetate 1 

1745 

1740 

Coumarin 

1742 

(in CCU) 

1720 


Diffuseness of the lines mentioned above is towards shorter wavelengths 
and does not exceed IS wave numbers. 


All the observed results may be consolidated and classified as follows * — 

(i) Those in which a shift of the C— O frequency towards shorter 
wavelength is observed. The unmodified C—O frequency of the ester does 
not make its appearance at all in these cases These are denoted as (a) 
in Table IV and the shifts of the C = O frequencies are given m cm as 
(flao) etc. Examples of this category are phenyl cinnamate in chloroform 
and coumann in various solvents 

(ii) Those in which the appearance of a modified C » O frequency 
(towards shorter wavelengths) is noted in addition to the original 0=^0 fre- 
quency of the ester These are denoted by (6) in Table IV and the fre- 
quency differences between the two are given in cm.~^ as etc Mixtures 
of most of the substances with phenol belong to this class. 

(ill) This represents the cases where the O frequencies of the esters 
are found to become diffuse towards the shorter wavelengths. Cases of 
ethyl acetate in alcohol, phenyl benzoate in chloroform etc belong to this 
group and they are represented as (c) 

(iv) This group embodies the cases who’e no change has been observed 
m the C » O frequency of the carbonyl compound These are d«ioted as (d). 
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Among the examples of this type may be mentioned the mixtures of ethyl 
benzoate and chloroform, ethyl benzoate and ethyl alcohol, etc 

The following table gives a consolidated statement of the changes under- 
gone by the C == O frequencies 

Table IV 



C— O frequency 

In 

In 

In 

In 

Name of the compound 

of the pure 

chloro- 

methyl 

etlwl 

alcohol 

phenol 

substance 

form 

alcohol 

Ethyl acetate 

17*19 


c 

f 


Ethyl benzoate 

1720 


d 

d 

Ai* 

Ethyl cinnamate 

1712 


d 

d 


Pheny] acetate 

1766 


bto 


c 

Phenyl propionate 

Phenyl benzoate 

1760 




ho 

1740 




hn 

Phenyl cinnamate 

1742 


c 

c 


Benzyl acetate 

1745 



hi 

Coumann 

1742 

0ai 

On 




With a view to make sure that the changes observed in the C ^ O fre- 
quencies are not due to the effect of mere dilution, mixtures of some of the 
esters with the solvents benzene and carbon tetrachloride which act only as 
diluents were studied and Table V gives the results The C = O frequen- 
cies are unaffected in these solvents 

Table V 


Name of the substance 

C»0 frequency 
in pure 
state 

C>«0 frequency 
inCClg 
solution 

C »0 frequency 
m benzene 
solution 

Ethyl acetate 

1739 

1740 

1740 

Ethyl benzoate 

1720 

1718 

mi 

Ethyl cinnamate 

Pheynl acetate 

1712 

1766 

1712 

1763 

1712 

1760 

Phenyl cinnamate 


1742 

1740 


Discussion of the Results 


From the results presented in Table IV it is clear that in a large number 
of cases the Raman Ime attributable to the C <= O group has been affected. 
The influence of the mixture is felt in one of three ways, viz , (1) a shift 
of the C- O line, (2) an appearance of a new line and (3) a diffuseness of 
the all taking place towards shorter wavelengths These changes can 
be 'as evidences for the formation of hydrogen bonds as represented 
below:— 


R.C-0-^ H-X 















602 


G. V. L. N. Murty aad T. R. Seshadri 

It IS reasonable to assume that the extent of the lowering of the C = O 
frequency gives an indication of the weakening of the C=0 link due to 
hydrogen bond formation and consequently it affords a measure of the 
strength of the hydrogen bond involved From the large number of cases 
examined it is clear that these bonds vary veiy widely in strength depending 
upon the components of the mixtures 

Taking the series of mixtures with phenol it is evident that hydrogen 
bonds are formed very markedly The strongest bonds are noticed with 
esters having the highest C — O frequencies It is consequently definite that 
the higher the anionoid power of the C= O, / e , the greater its capacity to act 
as donor, the stronger is the hydrogen bond formed Methyl and ethyl 
alcohols behave very similar to one another Though as a rule the hydrogen 
bonds formed with these solvents are weaker than in the case of phenol, 
similar gradation in the strengths of the bonds with the change in the O 
f requencies are noticeable In the case of chloroform the number of examples 
of hydrogen bond formation are fewer and the bonds are weaker It is only 
with esters of very high C = O frequencies that any effect is noticed 

These differences in the capacities of the different solvents to form 
hydrogen bonds is obviously due to the differences in the cationoid power of 
the hydrogen atoms involved Phenol is, of course, the best and this is to be 
attributed to the presence of a phepyl ring producing a positive field by with- 
drawing electrons as represented below . 



This explains also why it behaves as a weak acid Alcohols are com- 
paratively weaker due to the lack of such an electron smk However, owing 
to the capacity of the oxygen atom to take a negative charge the hydrogen 
atom attached to it is sufficiently cationoid to form hydrogen bonds The 
weakness of chloroform is to be attributed to the hnking of hydrogen with 
carbon, an atom which shows very little tendency to take a charge. In spite 
of the existence of three chlorine atoms which produce positive inductive 
effect, the cationoid power of the hydrogen is unall compared with some of 
the hydroxyltc compounds This agrees with the general ^haviour of carbon 
compounds wherein even the reactive methylene groups exhibit very little 
tendency to produce hydrogen ions Thus the general expectation that the 
strengths of hydrogen bonds depend upon (1) the anionoid power of the 
donor and (2) the cationoid power of the acceptor is amply substantiated. 

Further cases of hydrogen bond formation leading to a full discusnon 
of the results will be described in the subsequmit communications. 
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Rtmm Effect and Hydrogen Bonds— I 
Summary 

A brief survey of the existing literature on hydrogen bonds is made 
The advantages of employing the Raman effect for investigations in this field 
are discussed The results not only supplement those obtained from infra-red 
studies but they become more definite, particularly when such groups as the 
C = O, which yield sharp Raman lines, are employed 

Hydrogen bond formation between various esters as donor molecules and 
phenol, alcohols and chloroform as acceptor molecules has been studied and 
the results are presented in this paper The changes in the C - O frequencies 
are classified It is shown that there are large variations in the strengths of 
hydrogen bonds The generalization that the strengths of hydrogen bonds 
depend on the anionoid power of the donor and the cationoid power of 
the acceptor atoms is made as a logical consequence of the mechanism of 
hydrogen bonds and is supported by the experimental results that are 
recorded 
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STUDIES IN THE FRIEDEL-CRAFTS REACTION 


Part VII. Tho Action of Phthalic and Succinic Anhydrides 
on Resorcinol Derivatives 

Bv R D Desai anO F Figuerfdo 

{From the Department of Chemistry, St Xavier’s College, Bombay) 

Received August 11, 1941 

Aromatic hydrocarbons, and phenolic ethers have been condensed with 
succinic anhydride in the presence of anhydrous aluminium chloride 
With the formation )3-benzoyl-propionic acid derivatives Ullmann and his 
co'Workers^ have condensed phthalic anhydride with phenol and its homo- 
logues, while Mitter and De^ and Raval, Bokil and Nargund’ have con- 
densed the same phenols with succinic anhydride So far, these anhydrides 
have not been condensed with di-hydric and tri-hydric phenols, and Dalai 
and Nargund* have reported their failure to condense resorcinol with 
succinic anhydride 

Desai and (Mrs ) V H Shroff'' have shown that it is possible to condense 
resorcinol and orcinol with succinic anhydride, though the yield of P-2 6- 
dihydroxy-4-methylbenzoyl-propionic acid (1) from orcinol was not satis- 
factory Moreover, the reaction between oricmol and succinic anhydride 
gave another mstance of y-substitution which is rare 

We have now condensed phthalic anhydride with resorcinol itself, as 
well as Its mono and dimethyl ethers, resacetophenone, /3-methyl resorcylate, 
hydroquinone, and pyrogallol, in the presence of anhydrous aluminium 
chloride. Resorcinol gave a good yield of o-2 • 4-dihydroxybenzoyl-benzoic- 
acid (II) which, on Clemraenson reduction gave o-2 * 4-dihydroxy- 
benzyl-benzoic acid Resorcinol monomethyl as well as dimethyl ether 
gave the same acid, and as it gave positive ferric chloride reaction, it must 
he o-2-hydroxy>4-methoxybenzoyl-benzoic acid (III). Mitter and De* have 
also observed the demethylation of one of the methoxyl groups in the conden- 
sation of resorcinol dimethyl ether with succinic anhydride Resaceto- 
phenone, /3-methyl resorcylate, hydroquinone, and pyrogallol did not con- 
dense with phthalic anhydride. 

Finally the bromination as well as the Clemraenson Reduction of /3-2 *4- 
dihydroxybenzoyl-propionic acid to y-2: 4-dihydroxyphenyl-btttync acid was 
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studied as we required this acid for some other synthetic purpose The mono- 
and dimethyl derivatives of the bromo-keto-acid have been prepared, and 
their constitutions have been determined, as the same acids are obtained by 
brominating the keto-acids obtained from succinic anhydride and resorcinol 
mono* and dimehyl-ethers by Dalai and Nargund ^ 



Experimental 

0-1 ^-Dihydroxybcnzoyl-benzotc Acid — ^To a solution of resorcinol 
(11 g) and anhydrous aluminium chloride (27 g) in nitrobenzene (ISOcc), 
phthalic anhydride (15 g ) was slowly added, and the mixture was heated on 
water-bath for 6 hours after keeping at the ordinary temperature for 48 
hours Having decomposed the aluminium chlonde with ice-cold hydro- 
chloric acid, the nitrobenzene was distilled off in steam The solid that 
separated out on the addition of sodium chlonde to the solution was filtered 
off The crude acid, after purification through dissolution in the sodium 
carbonate solution, crystallised from dilute alcohol in pale-yellow needles, 
m p 202° (yield == S gm ) Us alcoholic solution gave wine-red coloration 
with ferric chloride [Found C, 64 7; H, 4 2, CJ 4 H 10 O 5 requires C, 65 1; 
H, 3‘9 percent ] 

The mono-bromo derivative obtained by adding bromine (0*3 cc) m 
glacial acetic acid ( 2 c cl solution to the acetic acid solution ( 20 c c) of 
the acid (10 Sg) crystallised from benzene in plates mp 220° [Found. 
Br, 23*4; CiHieOsBr requires Br, 23 7 per cent.] 

Reduction to 0-2 4-dt/iydroxybenzyl-benzoic Acid — nuxture of the 
keto-acid (2 g ), amalgamated zinc (10 g ) and dilute ( 1 : 1 ) hydrochlonc 
acid (50 c c ) was heated on sand-bath under reflux for six hours The cooled 
solution was extracted with ether, the solution dried, and the acid recovered. 
It crystallised from benzene in tiny needles, m p 143° [Found C, 68 5 ; 
H, 5*2, C 14 H 11 O 4 requires C, 68 9; H, 5*0 per cent ] 

Condensation of Resorcinol Monomethyl Ether with Phthalic Anhydride 
and Formation of 0-2-hydroxy-A-methoxy-benzoyl-benzoic Aad — ^To a solu- 
tion of resorcinol monomethyl ether (6 2 g.) and anhydrous aluminium 
chlonde (13*5 g) in nitrobenzene (7 S c.c.) phthalic anhydride (7 *Sg.) was 
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slowly added with constant shaking After keeping at the room temperature 
for 4& hours, the mixture was heated on the water-bath for two hours 
Having decomposed the excess of aluminium chloride with ice-cold hydro- 
chloric acid, the nitrobenzene was steam distilled off, and the solid that sepa- 
rated on cooling was filtered off After puniication through sodium bicarbo- 
nate solution, the acid crystallised from dilute alcohol in needles, m.p 165° 
Its alcoholic solution gave wine-red coloration with ferric chloride {Found . 
C, 65 8 , H, 4 5, CisHijOj requires C, 66 2, H, 4 4 per cent ] 

The mono'bromo derivative crystallised from alcohol in needles, m p. 
203“ [Found Br, 22 6, CisHaOgBr, requires Br, 22 8 per cent ] 

Condensation of Resorcinol Dimethyl Ether with Phthahc Anhydride and 
Formation of O-l-hydroxyA-methoxybenzoyl benzoic Acid — A solution of 
resorcinol dimethyl ether (7 g ) phthahc anhydride (7 5 g ), anhydrous alumi- 
nium chloride (13 5g) in nitro-benzene (75 c c ) was heated on the water- 
bath for two hours after keeping at the room temperature for 24 hours The 
product worked up in the usual manner crystallised from dilute alcohol in 
needles, mp 165“, undepressed by the acid prepared from presorcmol 
monomethyl ether (Yield -= 3 gm.) 

Clemmenson Reduction of /S-2 • A^hydroxybenzoyl Propionic Acid to 
y-2 4-Dihydroxyphenyl-Butyric Acid—lhe keto-acid was prepared by the 
method of Desai and (Mrs ) V H Shroff (Joe at) Its mono-bromo-deri’ 
vative crystallised from alcohol in needles, mp 190“ P^ound Br, 27 5; 
CiBH,0,Br requires Br, 27 7 per cent] 

On methylation with dimethyl sulphate in presence of 10 per cent caustic 
soda, the mono-bromo acid gave O-S-bromo-methoxyl-hydroxybenzoyl-pro- 
pionlc acid, which crystallised from alcohol in needles, m p 203“. [Found. 
Br, 26 ' 1 ; CuHxiOgBr requires Br, 26 4 per cent 1 

The same bromo-acid was also obtained by the bromination of 0-4- 
methoxy- 2 -hydroxy-benzoyl-propionic acid which was prepared by the 
condensation of resorcinol monomethyl ether with succinic anhydride. 
When this acid was further methylated with dimethyl sulphate m presence of 
anhydrous potassium carbonate in acetone solution, the acid, m p 179 , and 
crystallising from dilute alcohol in needles was obtained. Its alcoholic solu- 
tion did not give any coloration with ferric chloride [Found Br, 
24 8; Calc, for Ci,H„0, Br, Br, 25 2 per cent] 

This acid proved to be O-S-bromo-2 4-dmethoxybenoyi propionic acid 
as it was also obtained by the bromination of the known 0-2:4-dimethoxy> 
benzoyl-propionic acid of Dalai and Nargund. The Clemmenson reduction 
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was carried out as usual and the ^- 2 . 4Mlihydroxyphyenyl butyric acid crystal- 
Used from benzene in small plates, mp 105° [Found; C, 61*0; H, 6*2; 
C 10 H 11 O 4 requires C, 61 2, H, 6*1 per cent] 

We take this opportunity of thanking the Principal Rev. Father A. M 
Coyne, sj , and (late) Prof R N Bhagwat, for their kind interest in this work 

Summary 

Phthalic anhydride has been condensed with resorcinol with the formation 
of 0-2 4-dihydroxybenzoyl benzoic acid. [Some derivatives of this keto 
acid have been described. 
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A STUDY OF THE CONSTITUENTS OF THE SEEDS 
OF CROTON SPARSIFLORUS (MORUNG)— 

PART I 

( 
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V S Govindaraian 
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A — Preliminary Examination of the Seeds 

Only two species of the genus Croton (family, Euphorbiacee), Croton 
tighum and Croton elliotianus [Meglocarpus (Hutch)] appear to have been 
studied in any detail, the former being more thoroughly investigated on 
account of the physiological activity of the oil The third member of the 
genus forms the subject of the present study The study of this genus is 
highly interesting since the oils obtained from the seeds of the different species 
of this genus, vary considerably from one another in their properties. 

Apart from a preliminary note by one of us,® there appears to have 
been no chemical investigation of the seed fat of Croton sparstflorus This 
plant {Eliamanakku and Naimilakkat in Tamil and Kukka Mirapa in Telugu) 
IS a ivild weed, almost becoming a menace to agriculturists and gardeners 
in South India It appears to have spread from Bengal where the plant has 
been imported from South America about the year 1895 Mayuranathan®® 
gives a detailed description of the plant The leaves, the latex and the oil 
to some extent seem to be used locally as a dermaticide The whole plant 
has been reported^ to contain sufficient potash and nitrogen to be useful 
when composted as green manure 

The seeds are small and shiny and resmble castor beans The ripening 
and the dispersal of the seeds normally take about 10-15 days The seeds 
are so small that in the investigation the kernels are not separated, the whole 
seed being crushed before extraction. On an average a hundred seeds sun- 
dried for a week, weigh about 0 73 g. and analyse as in Table I. 

On extraction successively with several solvents in a Soxhlet, the 
different amounts were as in Table II. 
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Table I Table II 


Analysts of the Whole Sun-dried Seeds 



% 

Scrivent 

on su^-dried 
ffedf 

Moiiture 

8 03 



Solvent extractable) 

38 44 

Petroleum ether (50-60^ C ) 

32 67 

Cake (by dtSbrence) 

53 53 

Ether 

1 37 



Chloroform 

1 19 



Ethlyacetate 

2 19 



Alcohol 

1 02 


The petroleum ether extract gave a clear yellow oil, practically tasteless 
with a not disagreeble odour (the carbon tetrachloride extract in the earlier 
work seems to have given a different result) The oil visibly thickens on 
exposure to atmosphere and a drying time of 120 hours compares favour- 
ably with about 95 hours for raw linseed oil (Calcutta) and suggests its use 
as a drying oil 

The ether extract resulted m what appears to be three constituents, a 
white crystalline solid, a colourless amorphous body with a fibrous look 
and a brown oily liquid The extract has a strong * amylic * odour and was 
irritating to the mucous membrane 

The chloroform extract gave besides the amorphous substance obtained 
with ether, a darker brown oil somewhat greenish by reflected bght The 
irritating odour of this extract was characteristic and the substance re-dis- 
solved in chloroform only with difficulty Fractional precipitation with 
petroleum ether separated a dirty green amorphous powder, the filtrate from 
which left a fibrous looking product that could be recrystallised from 
dioxane to a high melting solid This has not yet been further investigated 

Extraction with ethylacetate gave a waxy solid that did not re-dissolve 
in the solvent 

The final extraction with ethyl alcohol gave a dark viscous product 
which answered the common tests for alkaloids The Prollius fluid extract 
also gave positive tests with alkaloidal reagents. 

The neutral water extract showed evolution of carbon dioxide and froth- 
ing on warming The extract did not answer tests for reducing substances. 
Steam distillation of the seeds gave no volatile products. 

The analysis of the ‘ cake ’ left after the petroleum ether extraction 
of the oily constituents indicates a very high fibre content and a good 
percentage of proteins. 
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The ash content of the seeds was 3 62% and analysed as in Table IV 
The high percentage of phosphorus, calcium, sodium and potassium in the 
ash and sufficiency of nitrogen in the ‘ cake ’ suggests the utility of the 
meal as manure . 


The meal from the oil cxti acted sample was tested for the hydrolysis of 
olive oil which established the presence of a lipolytic enzyme in the * cake * 
A quahtative comparison with the castor bean meal which is known to con- 
tain a lipase in a very active form showed that the lipase present in this seed 
IS not as active as that in the castor bean 


Table III Table IV 


Analysis of the ‘ Cake ' Analysis of the Ash of the Seeds 



% 

1 

% 

Nitrogen (iCieldahl) 

4 97 

Iron as FC|^ 

Calcium as C^O 

Trace 

Proteins (calculated) 

31 05 

21 43 

Fibre 

37 5 

Sodium as Na«0 

1 Potassium as Kt»0 
i Phosphorus as PaOg 

1 Silica 

Carbonate (by dtflTertnce) 

I 4 

16 70 

14 33 

29 88 

13 88 

3 78 


B—The Physical and Chemical Constants of the Oil 

As indicated in the previous section, the seeds contain a high proportion 
of fixed oil most of which can be extracted with petroleum ether The physi- 
cal and chemical constants of this oil have been determined by usual 
methods and are collected in Tables V, VI and VII 

Table V Table VI 

Physical Constants of the Oil Chemical Constants of the Oil 


Colour (visual) 

Odour .. 

Spanfle gravity* dj** 

Refractive Index (Abbe) 

««. 

Viscosity (m milUpoises) 


Light yellow 
Resembles 
linseed oil 

0 9270 


1 4753 
1'4709 
2S*83 


Acid Value 9 18 

Saponification Value 189*3 

Do (in an atmosphere of 

nitrogen) 190 3 

Sapomfication equivalent (calcu- 
fated) 295 4 

Fster Value (calculated) 180 72 

%Otycanne 9 88 

Acetyl Value . 0 02 

Iodine Value niosenmund-Kulm- 
henn) (see dso Table VU) 183 4 

Tbiocyanogen-lodiiie Value 90 41 

Hehner Value 91 96 

Hexobromide Value (Steele and 
Washburn) 

Rdchert-Meisal Value 
Potonske Value 

Pareentage unaaponiflable matter 
(Kerr>S«bar) 

Do. (con t inuous extraction) . 

Ma)& anhydride Value 
Diytagtinaof Aha 

tlOhoim 


10*99 
1 10 
4 18 

1 36 
0 98 
3*3 
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Table VII 

Iodine Value of the Oil hy Afferent methods 


Method 

Reagent 

Value 

Wo» 

Iodine monochlonde 

172 0 

Winkler 

Sodium bromide, sodium bromate and 

168 1 


hydrochloric acid 


Hanus 

Iodine monobronude 

163 1 

Kaufmann 

Alcoholic bromine (with sodium bromide) 

163 9 

Rosenmund-Kohnhenn 

Pyridine sulphate-dibromide 

163 4 


The high iodine value comparable with that of raw linseed oil indicates 
a possible use of this oil as a substitute 


Hexabromide values have been usually determmed by two methods 
but tropical temperatures preclude the adoption of the Eibner and Muggan* 
thaler method that involves filtration of ether solutions This method did 
not yield in our hands pure hexabromo-steanc acid and also gave a very 
high value Lewkowitsch* also considers that the results obtained by this 
method are unaccountably high The method of Steele and Washburn** 
has therefore’been adopted for the determination of this value 

The Kerr-Sorber method modified by Jamieson and co-workers** for the 
determination of the unsaponifiable matter in oils involves the ether extrac- 
tion of a dilute solution of the soap in a separatory funnel The extraction 
of appreciable amounts of soap on account of the high laboratory tempe- 
rature and the formation of stubborn emulsions render this method tedious 
and of doubtful value Knapp* has shown that this method does not give 
an accurate estimate of the unsaponifiable matter and that the use of 
a continuous extractor in the determination has numerous advantages besides 
a more correct estimation of the percentage of unsaponifiables The extractor 
used in the present study, following that designed by Kutsher and Steudd> 
was similar to that described by Knapp with this modification that the solvent 
distributor had a flat glass spiral on it, thus ensuring greater circulation of 
the soap solution. The design of the apparatus allows the maintenance of 
the extractor at any desired temperature 

The somewhat lower value obtained for the unsaponifiable matter by 
the continuous extractor method is to be attributed to the complete absence 
of dissolved soap in the final unsaponifiable matter collected, which is not 
excluded in the alternative method 

The maleic anhydride value of 3 3 (Ellis and Jones method*) may be 
taken to show the presence of some conjugation. However, it is difficult 
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to take this as conclusive evidence of any conjugation since it has been 
shown*-® that neither this nor the method of Kaufmann indicate accurately 
the extent of conjugation in oils of low diene numbers 

The drying time for a thin film of the oil is sufficient indication of the 
‘ drying’ properties of the oil The drying time of 120 hours seems satis- 
factory for the purpose of a drying oil 

A deep blue colour with arsenophospho-tungstic acid is considered 
to indicate the presence of linolemc acid in the glyceride in the absence of 
acids of higher unsaturation The oil under investigation gave a positive 
test, though the intensity (visual) is much less than with raw linseed oil 

Experimental 

Fully ripe seeds sun-dried for a week were used, and were taken to 
represent the initial sample in the analysis of seed constituents 

The moisture content was determined by the usual method of drying 
in an oven at 110® C 

Since the oil polymerises readily, only the sun-dried seeds were used 
for the determination of solvent extractables, the extraction being carried 
out in a Soxhlet 

The ‘ cake ’ was analysed for the protein, fibre and enzyme content 
Nitrogen was estimated by Kjeldahl’s method using 0 05 g selenium as 
catalyst and 0 5-1 0 g of cake 

The fibre content was estimated by usual methods ® The presence of 
a lipolytic enzyme was established by the method of Willstittter “ 

The seeds were ashed at a dull red heat and the several components 
determined by standard methods of quantitative analysis 

For the determination of the physical and chemical constants of the 
oil, a petroleum ether extract of the seeds freed from solvent was used. 
Crushed sun-dried seeds were packed in an extractor of a modified form of 
Wester’s apparatus®* and the oil extracted with petroleum ether (50-60®) 
The extract was filtered off from any plant material that might have been 
mechanically earned through, dried over anhydrous sodium sulphate, and 
the nuijor portion of the solvent was distilled off The last traces of solvent 
were removed under reduced pressure (1-2 mm). The oil was stored in a 
brown bottle in an atmosphere of carbon dioxide 

Refractive indices were determined at 29 5® and at 40® using an Abbe 
refractometer. 
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Viscosity measurements were made with an Ostwald viscometer, * con- 
ductivity’ water and anhydrous, thiophene free, crystallisablc benzene of the 
correct melting point were used for comparison The measurements were 
earned out at 30 2° Taking the viscosity of water as standard from 
Landolt’s tables and using the relation 

ijj 82/* 

the viscosity of the oil in miUipoises was calculated 

Other constants were determined by standard methods ’ In the deter- 
mination of the saponification value thymolphthalein was found to be the 
best indicator both for macro- and semi-micro-determinations of the 
value 

In the determination of the thiocyanogen-iodine value the reagent was 
prepared by the method of Gardner and Weinberger. Tlic acetic acid used 
was the Ilopkin and Williams product, purified by the method of Orton and 
Bradficld.^* This acid mixed with 10% acetic anhydride ANALAR was used 
as the solvent. The reagent was stored in a dry amber coloured bottle and 
tightly stoppered The reagent was prepared fresh for each estimation 
Polymerisation was noticeable on storage 

The method of Knapp^ was followed in all details in the determination 
of the unsapomfiable percentage using a contmuous extractor Aliquots 
from the saponified solution, made up to a definite volume, gave closely 
comparable values 

The drying test was carried out by usual methods Raw linseed oil 
(Calcutta) dried in 95 hours while the oil under investigation dried in 
120 hours to the same consistency 

The oil gave a positive test for vitamin A with antimony trichloride. 

Summary 

The constituents of the seeds of Croton sparstflorus have been examined 
and the physical and chemical constants of the petroleum ether extractable 
fixed oil have been determined 

The authors thank the Superintendent, Government Test House, 
Alipore, for an analysed sample of raw linseed oil that was used for 
comparison and standardisation of experimental conditions. 
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It has been noticed in Part I that the petroleum ether extract contains 
most of the solvent extractables and this extract has been used for a more 
thorough investigation as to the component “ resins ”, unsapomfiables and 
glycerides 

While the formation of a deep red colour on refluxing with alkali may 
be indicative of the presence of a resinous component, neither the method 
of Fiaschentrager and Wollffersdorif* who isolated the poisonous resinous 
component or ‘ Naturstoff’ from Croton Uglitm, nor the more generRl 
methods described in text-books gave any appreciable quantity of such a 
substance in a sufficiently pure state for a complete study That any such 
component is present at best in minute amounts only is indicated from the 
physical and chemical constants of the treated oil which shows no appre- 
ciable difference The method of Cherbuliz’ also gave a similar result. 

The colour with alkali is presumably due to the colouring matter in the 
seed coat 

As may be expected, the oil contains unsapomfiable matter which could 
be separated into several components which are still under investigation 
A sterol, m p. 138®, (a) |y|,*c (C~0 8013)= 56 27 has been isolated 

Microscopic examination of the sterol, melting point of the sterol and of 
the acetyl derivative and the rotation indicate this to be a pbytosterol largely 
consisting of a-sitosterol 

Component Acids —The chemical examination of the fat may be con- 
sidered under two heads, the nature of the glycerides and the component 
acids m the glyceride. Information regarding the latter can be obtamed 
in several ways, and the components definitely established are given in 
Table I 
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Table 1 

Distribution of component acids in the oil (by weight %) 


Component acids 

Total % 
m oil j 

Component acids 

Total% 
in oil 

Palmitic , 

5 49 

Linolenic 

9 36 

Stearic 

4 75 

t/nsaponifiable mailer 

0 98 

Oleic 

A 9 12-octa-decadienoic 

5 72 

65 70 

Glycerine (by difference) 

- - - - i 

8 02 


The Hehner value indicates 91 96% of acids saturated and unsaturated 
together with imsaponifiablc matter in the oil These components were 
obtained after saponification under standardised conditions (vide experi- 
mental part) The separation of solid and liquid components has been 
effected by Twitchell’s lead salt alcohol method,®® some modification, of the 
same^® and by direct crystallization from acetone solution The results 
of these different methods are appended in Table III 

Mention should be made here of the relative accuracy of the different 
methods Repeated trials have shown that Bertram’s oxidation method gives 
accurate results for saturated acids provided the conditions of temperature 
are maintained so as to completely elimmate hydroxy acids arising from the 
unsaturated acids (see also Gay^ and Hilditch and Priestman 

The modified lead salt-alcohol method’® has been consistently found to 
yield more accurate results and a purer solid acid than other methods involv- 
ing lead salts. Rigid control of temperature at 15-16® C for twelve hours 
is absolutely necessary for concordant results 

As the methods of separation do not completely eliminate liquid acids, 
a correction factor based on the iodine value of the two fractions’* has to be 
used for an accurate estimation of solid acids 

With reactive unsaturated compounds and with possibilities of isomer- 
ization catalysed by the saponifying reagents, lead salt methods are liable 
to lead to some uncertainty arising from the greater or different solubilities 
of some of the lead salts Physical methods of separation are preferable and 
in the present case, crystallization of the scids in acetone solution at different 
temperatures have been adopted 

It will be noticed that the component acids are mostly liquid (90%) 
and these* have a high iodine value (Tables II and HI) 
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Table II 




Weighty in eeidt 



Method 

Refer* 

cnce 


Solid acids 

Liq^utd 
acids 
(by dif- 

Solid 

acids 

Liquid 

acids 


■ 

Found 

% 

Iodine 

value 

Cometed 

% 

ferenoe) 

Twitchell lead salt alcohol 
Mc^fied Twitchell lead salt 

(30) 

( 

10*92 

15 54 

9 92 

90 08 

9 03 

81 95 

alcohol 

Ba ffmanJamieson lead salt 
ether 

(10) 

10 85 

6 30 

10 4S 

89 55 

9 51 

81 47 

wia 

16 78{ 

30 20 

13 so 

86 20 

12 55 

78 43 

Bertram oxidation (modified) 
Crystallization method 


11 25| 
10 90 


11 2S 

88 75 


80 74 

81 06 


* Calculated for 90 98% of total acids (Hehaer value— uniapomOable %) in oil from 
corrected valuei 

9 Calculated from the value 15 27, obtained for per cent of saturated add, direct from oil. 
} Calculated from the value 10 24 for per cent of saturated acid, direct from fat 


Table III 


Details of analysis 

Total acid 

* Solid ’ add 

' Liquid * aad 
(by diflerence) 

Weight % on total acids 

100 

11-25 

88 75 

Todme value (Rosenmund-Kuhshenn) 

165 7 

0 1 

Ids 5 

Thiocyanogen value 

91 34 


92 12 

Mean molecular weight 

289 3 

265 5 

1233* 


* The high molecular freight of the liquid add* may be due to pblymematton by inter* 
molecular addition of the uniaturated aadk 


The solid acids obtained are essentially palmitic and steanc acids. 
Partial separation of the acids was effected by fractional distillation of the 
methyl esters under reduced pressure, the neb fractions being used for the 
preparation and identification of the pure acids. The final estimate of the 
relative proportions were made by the method of thermal analysis and 
molecular weight determination 

In establishing the relative amounts of the different unsaturaled acids 
present, bromination, partial oxidation, fractional distillation of methyl 
esters and Kaufmann’s method using thiocyanogen*iodme and iodine values 
have been employed . 
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The formation of an ether insoluble crystalline hexabromostearic acid 
(m p. 182'’ C ) while indicative of the presence of linolemc acid in the oil 
cannot always be taken to be quantitatively representative of the triolefinic 
acid content (Rollel,*® Erdman and Bedford® and McCutchcon**) The 
low hexabromide value combined with the high iodine value indicates a high 
proportion of linoleic acid with smaller amounts of oleic and linolemc acids 
However, bromination of the mixed fatty acids failed to yield any solid tetra- 
bromide characteristic of a-linoleic acid usually found in seed fats The 
high bromine content (50 29%) of the oily liquid from the separation of the 
hexabromide indicates the presence of a peculiar Cu-diethenoid acid This 
IS considered in greater detail in a later section 

Controlled oxidation of the acids may also be expected to give an 
insight into the component acids The method of Lapworth and Motlram®** 
was found unsatisfactory and that of Hilditch and Jasperson^^ has been 
adopted An impure product, mp 124-126®, from which only a very small 
amount of tetrahydroxy-steanc acid (mp 172° C) could be isolated was 
obtained After recrystallization only impure dihydroxy -stearic acid could 
be obtained This was obtained in a pure state and in sufficient amounts 
by a slight modification of the process (Experimental) The isolation of 
this product connotes the presence of oleic acid in the glyceride. No keto- 
stearic acid was isolable in the process and only small amounts of hexa- 
hydroxy acid could be got 

Complete oxidation of the methyl esters of ‘ liquid ’ acids in acetone 
with potassium permanganate (weakly alkaline) gave n-hexoic, oxalic and 
azelaic acids The formation of these indicate the presence in the original 
mixture of A'’'’'Unoleic and linolemc acids 

The close boilmg points of the methyl esters ruled out the separation 
of the constituent acids by fractional distillation of the esters under reduced 
pressure and all attempts failed to separate the constituents. 

It has been found” since Kaufmann’s thiocyanogen-iodine number 
determination that a combination of this with iodine values can be used for 
computing the proportions of the unsaturated acids If a mixture contains 
S% saturated acids, X % linolemc, Y % linoleic and Z % oleic acids then 

100 X (iodine value) = 273 7 X+ 181 1 Y -1- 89 9 Z 
100 X (thiocyanogen value) « 182 5X-1- 90 5 Y 4- 89*9 Z 

100*X+Y-t-Z+S 

If S IS determined by any of the usual methods, X, Y and Z can be 
calcula ted, The results of such a computation are given below: 
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Table IV 

Distribution of Fatty Acids m Mixed Adds 


Acids 

Kaufmann metbod 
(WMght %) 

Bromination metbod 
(weight %) 

Saturated (Bertram) 

11 14 

n 14 

Oleic 

6 30 

• 

A9 ts-octa-decadienoic 

72 28 

* 

Linolenic 

10 28 

4 04 


* The iodine value of the remaining iinsaturated ocid^ after allowing for the obser\ed 
amounts (4 C^) of hnolenic acid, corresponding to the hexabromosteanc acid isolated, was stilt 
in excess of that of linoleic acid This is, in itself, proof that hnolenic acid is not completely 
separated as insoluble hexabromide It will also be noted that the bromination method records 
only *^9 25% of the hnolenic acid content indicated l>y thiocyanometnc analysis 

Though the accuracy of this method has been questioned, it now 
appears from the work of Hilditch and co-workers^*- “ that the method 
IS fairly accurate (see however Smith and Chibnall®*) 

Cia Acids — It IS necessary, at this stage, to consider in greater detail 
the Cl, acids, especially the unsaturated acids 

The formation of hexabromosteanc acid (mp 182®) bv bromination 
and of dihydroxy stearic acid (m p 131°) by controlled oxidation clearly 
indicate the presence of hnolenic and oleic acids in the oil The evidence 
for an octa-decadienoic acid is however, not so direct According to 
Hilditch^* (see also foot-note to Table IV) the hexabroimde value of an oil 
measures approximately 40% of the actual hnolenic acid present and on this 
basis, the hexabromide value (10 99) corresponds to 10 1% hnolenic acid 
in the mixture of acids from the oil If the rest of the mixture were to 
contain only oleic acid (78 76) and saturated (11 14% observed value) acids, 
the iodine value of the total acids should be 99 26 while the actual 
value obtained is 16S 7 This clearly mdicates a higher unsaturation, than 
one double bond (if remaining unsaturated acid is diolefinic iodine value 
should be 170 3) The absence of a benzene insoluble bromide (yuh 
Experimental) precludes the presence of higher unsaturation than a trieth- 
enoid type One must necessarily conclude that a diethenoid compound is 
present in appreciable amounts to account for the high iodine value Further, 
complete oxidation of the methyl esters leads to n-h»oic add, oxalic add 
(presumably from malonic add) and azelaic add, clearly pomting to the 
presence of A"**octa-decadienoIc acid (vide Haworth*). 

The presence of mono-, di- and tri-ethenoid C,, adds having beea 
established, it is clear that the thiocyanometric method is die best for 
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estimating the relative proportions. This gives the values tabulated earlier 
(Table V) It is significant that with such a high percentage of A*“-octa- 
decadienoic acid, bromination of the unsaturated acid fails to give the 
petroleum ether insoluble, crystalline tetrabromide (m p 114“) character* 
istic of the common or a hnoleic acid but yields an oily liquid bromide solu- 
ble in petroleum ether (Bromine content 50 28%) Prolonged keeping ot 
the oily bromide gives a small amount of a low melting waxy solid It must 
be mentioned that Kass and Burr^^ have obtained a similar waxy solid 
(m p. 75 5-78“) from the produc s of bromination of elaidinised a linoleic 
ac.d The linoleic acid pre ent in the oil under investigation must therefore 
be an isomeric form Our observations, however, are enough to show that 
this is not likely to be either the cis-cis or the trans-trans forms 

Evidence for conjugated unsat jration is inadequate but the small but 
definite male c anhydride value and effect of weight of sample on the lodme 
value by Wijs and Hanus methods suggest some conjugation 

The configuration of the linoleic acid is under investigation 

Glyceride structure —The oil does not contain any fully saturated glyce- 
ride, the small quantity of solid resul'ing from acetone permanganate oxida- 
tion be ng only the unsaponifiable matter. 

A prelunmary study of the mixed unsaturated saturated glycerides has 
been made by the fractional crystallization of the brommated glycerides 
and comparing them with those prepared from linseed oil The glycerides 
from linseed oil were separated by the method of Tom ** The bromo- 
glyceride corresponding to o-hnoleo-di-a-linolemc glyceride melted even 
after several recrystallisations only at 153“ C Another fraction having 
m p 143“ was also isolablc Following Eibner* this has been taken to be 
/5-linoleo-di-o-linolenic bromoglyceride 

Following Tom’s procedure, the oil under study gave 17 8% of the more 
insoluble glyceride showing the presence of linoleo-di-linolenic glyceride 
m the oil The product had a m p 143-144“ and the m p was not depressed 
by admixture with a similar product from linseed oil This must therefore 
be j8-linoleo-di-a-linolenic bromoglyceride The separation by Suzuki and 
Yokoyama®* of two isomeric linoleo-di-linolenin from linseed oil, however, 
leaves this an open question and further investigation is necessary before 
establishing the identity of this compound. The absence of a product of 
m.p 156“ corresponding to the a-linoleic-di-a linolenin indicates that a-hno- 
leic acid is not present in the oil to any appreciable extent 

Another fraction isolated having m,p. 118° probably corresponds to 
triolein or oleio-lmolac-lmolenic glycende. 

A2 
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It IS interesting to compare here the different properties of the three 
members of this genus. 

Table V 

Comparative Data of the Three Speaes of the Genus Croton 


Chtnetenstics 

1 

Croton tiglium 

Croton FlHotlanus 

Croton sparsiftorus 

Pliyuok>gical 

A powerful vesicant 

Non-vesicant 

Noo-vesicant 


an irritating 

non-imtating 

no purgative 


purgative 

purgative 

action 

Colour 

Ddfk yellow 

Yellow 

Ught yellow 

Type of oil 

Non-drying 

Drying 

Drying 

% Yields of oil on seeds 

50 

30 

32 

lodifio value 

j 

102-108 

143-147 5 

164-171 


Table Y—Contd 

Component Fatty Acids (Weight %) 


Acids 

Croton tigHum 

Croton Elhotianus 

Ooicm spars^florus 

Palmitic 

1 30* 

lOOB 1 

5 97 

Steanc 

0 50 

5‘17 

Oh»c 

55 80 

10 0 

6 30 

Linoloc 

28 80 

so 0 

72 28t 

Other unaatureted acidi 

Traces of steam 
volatile lower acids 


Linolemc 

10 28 

Obiefven 

Flaschentrager and 
Woilflcrsdor^ 

Imperial Institute^^ 

Present work 


* AIw 113% myristifi and 2 1 % arachidic acida. 
t Chiefly palmitic 

I The acid ia aa isomer of usual seed fat Imolew acid 


The constituent acids conform to the general observation that the 
Euphorbiacete seed fats contain about 10% saturated and about 80% unsatu- 
rat^ acids but Croton tighum differs from the other two in the nature of the 
saturated acids. The oil under investigation is also exceptional in contaming 
hnolenic acid and no steam volatile components. 

Experimental 

Preparation of acids —The best procedure after several trials was found 
to be the following* 100 parts of the oil were refluxed on a steam>bath for 
four hours with a solution of 40 parts of potassium hydroxide in 500 parts 
of 95% alcohol (by weight) Most of the alcohol was removed by distilla- 
tion in a current of carbon dioxide, the soaps dissolved in a large volume of 
water and the unsaponifiable matter removed in a cmiUnuous exteactor The 
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free acids were obtained from this either by acidulation and extractiqn or 
by the method of Steele and Washburn,*^ the operations being carried out 
in an inert atmosphere Completion of saponification was tested by Geitel’s* 
test For large quantities, the second method works better 

Separation of saturated and unsaturated acids — The separation of satu- 
rated and unsaturated acids was effected by the usual standard lead salt 
methods and by direct crystallization The apparatus for this last process 
can be constructed from common laboratory materials, namely a wide 
mouthed vacuum jar, a large test-tube and a thistle funnel closed by a 
filter paper, the arrangement being as in Fig 1 



A solution of the mixed acids in acetone is placed in the test-tube and 
cooled to different temperatures using appropriate freezing mixtures After 
equilibrium at each temperature, the solution was drawn through the filter 
paper by suction and the residual solid washed with cooled acetone two or 
three times. The solids thus obtained at each stage mdicated a good sepa- 
ration of the components. The advantage of this arrangement over that 
of Shinowara and co-workers" is that all filtrations and washing arc carried 
out at specified low temperatures at which crystallization takes place. 
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Separation of saturated acids is complete in six hours at — 19° to— 22° C 
Frofii 60 gm. of the total acids 6 54 g saturated acid were obtained The 
same acids were also obtained by Bertram’s oxidation method modified by 
Jamieson^* correction for adsorbed unsaturated acids being applied by 
means of the iodine value Molecular weights of the acid<’ were determined 
by the usual methods 

Unsaturated acids — 73 g of freshly separated ‘liquid’ acids (Twil- 
chell’s method) were converted into the methyl esters by the usual methods 
ana when purified 73*25 g of the mixed esters was obtained 62*5 g of 
this mixture was taken in an ordinary Ladenburg flask and distilled under 
1 mm pressure, using a Perkin triangle to collect the fractions The middle 
bulb of the flask was two-thirds filled with glass beads supported on a thin 
strip of copper gauze The three bulbs and neck were thickly coated with 
asbestos with slit windows for observation in order to miniimse overcon- 
densation of esters The bottom bulb was completely immersed in an oil- 
bath whose temperature was maintained 50-60° higher than that indicated 
by the thermometer at the top of the column The results of this fraction- 
ation are given in the table below 

Table VI 


Fractional Distillation of the Methyl Esters of the * Liquid' Acids 

(62 47 g) 


No 

Weight 

mg 

■ 

Temperature 
at head of 
the col ma**C. 

Iodine 

value* 

No 

Weight 

log 

Temperature 
at head of 
the column 

Iodine 

value* 

1 

1 25 

140-1 50S 

93 6 1 

5 

7*87 

158-160 

154 0 

2 ; 

10 95 

150-154 

129 4 

6 

14 43 

160-162 

169*4 

3 

6 84 

154-156 

133 7 

7 

12 88 

Residue 


4 

8 25 

156-158 

148 3 






* Rosenmund-Kuhnhenn method 
§ A few drops eolleeied below 140* C 


All the fractions gave Martins colour test for linolenic acid 

The liquid acid mixture was brominated in chloroform, ether and 
petroleum ether by adding excess bromine in solution and removing the 
excess with amylene In each case after one or two recrystallizations pure 
hexabromostearic acid, mp 181-82° C was obtained, the identity was 
established by comparison with an authentic specimen and by analysts. 
(Br found 63 6, CjgHioOaBrg requires Br»63*3%.) From the residual 
solutions, no tetrabromostearic acid was isolabte m any of the experiments 
Prolonged keeping of a petroleum ethw solutidn at or below 0” C gave rise 
to a low meltmg white solid with a bromine content of 50*29%. 
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Oxidation of liquid acid esters — ^The middle fractions from the frac- 
tionation of the methyl esters were submitted to oxidation by Haworth’s 
method* using potassium permanganate in acetone solution After oxida- 
tion, acetone was distilled off and the residue extracted with a hot dilute 
solution of sodium hydroxide The combined extracts were concentrated 
to 1 SO c c acidified with hydrochloric acid and ether extracted 

The presence of oxalic acid in the aqueous layer was detected by the 
formation of calcium oxalate, decolounzation of potassium permanganate 
and the formation of urea oxalate. The urea oxalate was compared with 
an authentic specimen 

The ether extract was washed free of and, the solvent distilled off and 
the residue steam distilled The non-volatile residue was decolourised with 
animal charcoal in aqueous solution, hltered and allowed to crystallise. 
White crystals (mp i03“) were obtained On recrystallization, a pure 
product (m p. 105 5°, molecular weight 187 5) was got and was identified 
as azelaic acid 

The volatile distillate was thrice extracted with petroleum ether (50“-60®), 
dried over anhydrous sodium sulphate and the solvent carefully distilled off. 
n-Hexoic aad was obtained (,m p Ca - 2°) and confirmed by the formation 
of an anilide (m p 92°) (m p of w-hexoic acid — 2°, m p of its anilide 95°). 

Partial oxidation of liquid acids by Lapworth’s method gave only dihy- 
droxy stearic acid as a product Dioxane was found to be the best solvent 
for recrystallizing this compound. (Found mp 131°; mol wt 316 2) 

The method of Hilditch and Jaspcrson" gave better results. After 
oxidation with cold very dilute permanganate, the solution was decolour- 
ized with sulphur dioxide and acidified with hydrochloric acid The precipi- 
tated crude hydroxy acid was refluxed with petroleum ether (50-60°) after 
drying at 65-70° C to remove unoxidized acids The residue after filtra- 
tion was refluxed thrice with ethyl acetate (for 0 77 g of the crude hydroxy 
acid, 50 c.c of the ethyl acetate was used each tune) and filtered hot. 
A awiall quantity of a white substance was left undissolved and on recrys- 
lallization from alcohol melted at 169° (one of the tetrahydroxy steanc ac ids 
melts at 172°- 73° C ). 

The ethyl acetate solution on cooling dqiosited white crystals (m.p 
124-26°) and further purification did not affect the meltmg point (mixed 
m.p. with pure dihydroxy stearic acid 128°). Equivalent weight of this ctrni- 
pound was 241 8. 

Selective oxidation.--Tht procedure was based on that of Kaufmann 
gnd Fiedler for oleic acid.^* Mixed acids (14*75 g.) were just made alkaline 
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with al'oholic potassium hydroxide, diluted to two litres with water, cooled 
to 0° C and oxid zed with two litres of a 1% solution of potassium per- 
manganate with efficient stirring during 30 minutes. The solution was 
allowed to stand for 10 minutes, acidified with sulphuric acid and decolour- 
ized with sodium bisulphite. The solid obtamed was collected on the filter, 
the solution being examined for hexahydroi^ acids. 

The crude hydroxy acid (0 91 g) was taken up with a large volume 
of warnr ether A very small quantity i^O 08 g ; of a browmsh substance 
gave on recrystallizations from alcohol a pure white product melting sharply 
at 172° This is presumed to be tetrahydroxy stearic acid. 

The ether extract gave a white solid which after washmg with petroleum 
ether gave a powdery substance (m.p. 129°, equivalent weight 334*2). Re- 
crystallization from dioxane gave pearl white flakes (m p 130°) confirmed 
as dihydroxysteanc acid by comparison with an authentic specimen. 

The filtrate from the original oxid.sed solution after sqparation of the 
crude hyJroxy acid was concentrated to small bulk and acidified. The 
product after recrystalhzations from alcohol and water was very small in 
quantity (m p. 196°). Being more soluble in water than the tetrahydroxy 
acid and with amp. higher than that of the known tetrahydroxy acids, 
this is presumed to be hexahydroxy steanc acid. The quantity obtamed was 
too small for definite identificaaon 

Solid acids.— Tht solid acids from Twitchell’s method were con- 
verted into neutral methyl esters and distilled under reduced pressure. The 
results of fractionation are tabulated below. 


Table VII 

Fractionation of Methyl Esters of * Solid* Acids 


Fraction 

No 

Temperature 
at head ot 
the column 
"C 

Wei^t 

fraction 

g 

Sapomh- 

cation 

value 

Molecular 

weight 

Acidi ktontiBed 

a 

145*54 

0 62 

204 2 

274 9 

Palmitic 

b 

134-57 

2 33 

203 8 

275° 4 

PalmiUc and stearic tn small 
amounts 

c 

157*60 

2 61 

203 5 

275 7 

Palmitic and dearie 

d 

160*62 

1 63 

198 2 

283 1 

Steanc and palmitic 

e 

162-64 

2 23 

192 1 

292 1 

Steanc and palmitic m small 
amounts 

f 

163*64 

2 14 

192 2 

292 0 

Da 

r 

Residue 

mcJuJing 

los 

0 96 

1 

192 0 

292 2 
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Table vm 


Calculated Distribution of ‘ Solid* Adds 



Palmitic acid 

Steanc acid 


Fraction No 

(weight in g ) 
calculated from 

(weight mg) 
calculated from 

Total acid 
(weight mg) 


ester 

ester 

a 

0 49 

0 10 

0 S9 

b 

2 00 

0 44 

2*44 

c 

2 00 

0 48 

2*48 

d 

0 84 

0 70 

1 54 

e 

0*47 

1 60 

2 07 

f 

0*47 

1 57 

2 04 

g 

0 20 

0 71 

0 91 

Total (weight in g ) 

6 47 

5 60 

12 07 

% (weight) on solid 


46*42 


acids 

53 58 

100 

Calculated 
on 11 25% of 

(wei^t) 6 03 

5 22 

11 25 




mixed acids 

•/ 




(zgole) 6 34 

4 91 

11 25 


Pure palmitic and stearic acids were obtained from the fractions 


Unsapomfiahle matter , — The crude unsaponifiable matter was again 
saponmed for one hour. Tne white flakes that separated out on coohng 
were liltered off and washed with methanol. The produa answered the 
usual colour reactions for sterols The Rosenheun reaction was negative 
indicating the absence of conjugation The sterol was purified by precipi- 
tating as the digitonide and decomposing it with pyndme (Schonheimer and 
Dam**). The specific rotation of the sterol was observed m chloroform 
solution. 

Table DC 


The Constants of the Sterol 


Meltms point 

138* C. 

Melting point of acetyl derivative 

125* C 

Melting point of digitomde 

Softens 206* C . melts to 


brown iigaid 235* C 

WKSoS (C- 0 8013) . ' 

-56 27 

(C- 0.8013) 

-32 64 


Small quantities of an alcohol and a low melting solid hydrocarbon vnest 
isolated from the filtrate from sterol digitonides but the quantities were 
inadequate for complete investigations. 
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Glyceride structure.— Vvi&y saturated ^ycendes were determined by the 
oxidation method of Hildiich and Lea “ 

Reference substances for Tom’s method** were prepared from pure 
Imseed oil 

The oil under investigation (1 g j was brommated m ethyl acetate 
(10 c c ) at about 0° C by slow addition of 1 c c broimne with eflSment 
stirring The crude bromoglycende was separated by filtration, washed with 
20 c c portions of ethyl acetate and dried at 80° Further punficaion with 
alcohol, ether and tetralin gave a white substance (m p 143°) identical with 
/3-1 noleo-di-a-linolenm obtained from linseed oil From the ethyl acetate 
filtrate a second product unidentified (mp. 117° C) was obtamed 

The authors thank the Superintendent, Government Test House, for a 
sample of tested raw linseed oil which was used for companson 

Summary 

The oil from the seeds of Croton sparsiflorus has been examined for its 
composition Apart from palmeitic, stearic, oleic and linolenic amds, the 
glyceride contains an unusual isomeric form of the common a>lmoleic acid. 
Complete analysis of the oil has been effected by using Bertram’s oxidation 
methoa and Kaufmann’s thiocyanometric method Fully saturated glyce* 
rides are absent and the oil contains j3>hnoleo-d.>a-linolemn 

The sterol in the unsaponifiable matter is essentially sitosterol 
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The studies earned out in this Institute on the therapeutic properties of a 
pilot series of N*-sulphanilamido derivatives of vanous ring compounds 
in experimental ^-hemolytic streptococcal, (type 1) pneumococcal and 
P pestts infections in mice, have led to the discovery of the outstanding 
therapeutic proper! les of 2-N^-sulphanilamido derivatives of thiazole and 
pyrimidine The clinical studies carried out hitherto, extensively with the 
former and to a limited extent with the latter drug, have fully confirmed 
the results of the animal experiments As a sequal to this, we undertook 
to investigate whether, by the proper manipulation of the molecular struc- 
ture ot these drugs, other derivatives could not be discovered which may be 
more effective or therapeutically active in the treatment of those infections 
in which they arc of little value The synthesis of many possible types of such 
compounds was therefore undertaken to study systematically the effects 
(pharmacological and physico-chemical) of different types of additicnal 
substituents in the sulpha nilamido derivatives of thiazole and pynmidine 
This paper is concerned with the synthesis of a particular senes of 2-1^- 
sulphamlamidothiazole derivatives with alkyl substituents in the positions 
4 and/or 5 of thiazole, the other types of thiazole and pynmidme com- 
pounds are being reported in the succeeding parts 


2-N^-suIphanilamido-5-alkylthiazoIes were synthesised according to the 
following scheme. 

CHO so, Cl, CHO CH N 

I ► I , ,, II |, 

R-Ch, R*CH Cl CS(NH,), R.c C NH, 

\s/ 

(I) (II) (III) 


CH 

II II y ' V 

R C C NH SO,< > 
\s/ 

(V) 


N 


NH C,H4 S0,CI 


NH. 


, CH» (CH,).- A CH..(CHi)4- 
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CH 

hydrolysM || 

► R-C C>NH«SO. 

\s/ 

(IV) 


■O 


NHAc 
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The literature regarding the halogenation of the aliphatic aldehydes (I) is 
very scanty Of the 2-amino-5-alkylthiazoles only the S-methyl deri- 
vative has previously been described ^ It has now been found that the 
2-amino-S-alkylthiazoles (III) can smoothly be prepared by chlonnating the 
alkyl aldehydes (1) with sulphurylchloride and condensing the resulting 
chloroaldehydcs (II) with thiourea The bromination of the aldehydes was 
also tried but it appeared to be less advantageous for our purpose since 
tarry products were formed on condensing the bromoaldehydes with thiourea 
The conversion of the aminothiazoles (HI) into 2-N^-sulphanilamido-5-alkyl- 
thiazoles (V) by the usual method was effected in good yields 

The general method adopted to synthesise 2-N*-su1phanilamido>4-methyl- 
S-alkylthiazoles was as follows — 


CII|*CO CH Na K*Rr hydrolysis 

I > CIIj CO CH*R > CHs CO Cllg R 

COgEt R 1 I -COg 

COjKt 

(VI) (vin 


Cl CH|'CO*CII R 
COgEt 
(VI 11 a) 


bOgCtg 

( Hg CO*C (Cl) R hydrolysis 
COgf't 
(VIII) 


SOjCl^ 


CH -CO CH R CbCIIa-CO^CHg R 
-COg I 

Cl 

(IX) (IX «) 

CS(NHa)» 


CH» C N 

II II 

R.C C*NH« 

\s/ 

(XI) 


so.<;3 


/t.AcNH*CtH, SOsCI & CH, C N 

II II 

NHj hydrolyris R ^ NH, 

(X) 


R-'C’iH#-. CH(CHa),-, (CH,),CH-. CH,(CIIj),-, CH(CHa)4-. (CH,),CH.(CH,) 2 - 
& CHj(CH,),— 


In the above scheme, excepting the ketonic esters (VI), ketones (VII) and 
3-chloro>2-pentanone, all other compounds are not described m the lite- 
rature. The preparation of the chloroketones (IX) via the cbloroesters (Vni) 
furnished purer products (though in poorer yields) evidently because, the 
chlorination of the ketonic esters (VI) with sulphurylchloride, as is de- 
scribed, * leads exclusively to the chloroketonic esters of formula (VIII), 
uncontaminated with the isomeric esters of formula (VIII a) In the chlo- 
rination of the ketones (VII) also with sulphurylchloride, it has been suggested* 
that the chlonne atom enters the methylene carbon atom adjacent 
to the keto-group with the formation of the chloroketones of formula QX). 
We have actually found that the final sulphamlamidothiazoles (XI) obtained 
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by both the methods are identical The compounds obtained by the former 
procedure immediately yielded crystalline products; but those got by the 
latter did not crystallise readily which is probably due to the contamina* 
tion of the chloroketone with isomeric products formed during the chlonna- 
tion of the ketone The aminothiazoles (X) in a few cases were also 
prepared via the bromoketones , the final sulphanilamidothiazoles obtamed 
from these were also identical with those obtained by the other methods 
Since it is known that in the bromination of the ketones (VII) and ketonic 
esters (VI) the orientation of the bromine atom depends upon the condi- 
tions of the reaction, other conditions are being studied to prepare the 
bromo-coinpounds corresponding to the chloro analogues (VIII a and IX a), 
with a view to preparing from them 2-amino-4-alkylthiazoles 

Since our immediate interest is only the preparation of the sulphand- 
amidothiazoles (V and XT) and our stock of chemicals is also very limited, 
the intermediate new products could not be studied in detail at present but 
will be done at a later date 

The compounds obtained by the above methods are listed in the table 
It may be mentioned that 2-sulphaniIamido-S-methylthiazole and 2-sulph- 
anilamido-4 5-dimethylthiazole have been described in a patent of Messrs. 
May and Baker* The sulphanilamido-alkyl-thiazoles are being tested in 
many bacterial infections and the results obtained will be reported in due 
course. If the results are encouraging, further synthesis of more compounds 
of these groups with higher alkyl groups will be undertaken. 

Experimental 

l'N^'Sulphanilamido-5-alkyUhiazoles (V) —Since all the compounds 
were prepared by essenually the same method with but slight alterations 
in conditions to suit the individual cases, only the general methods are here 
described 

The aliphatic aldehyde (I) (obtained from the Eastman Kodak Co, 
Rochester), under external cooling with ice cold water, was gradually treated 
with 1 1 molecular equivalent of sulphurylchlonde. The reaction took place 
just at about the room temperature (25®-28® C ) and when it tended to be- 
come vigorous, the mixture was cooled in ice-cold water After allowmg it 
to stand with frequent shaking for 2-3 hours, it was poured into cold 
water, the heavy oil separated, washed free from acid with water and boiled 
with one molecular equivalent of an aqueous solution of thiourea. The 
boiling was continued till no more of the oil went into solution (usuaify 
2-5 hours) The solution was then thoroughly extracted with ether to remove 
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any unchanged material and the aqueous clear solution basified with sodium 
hydroxide when the aminolhiazole separated as an oil This was taken up 
in ether, the extract dried and the solvent removed , 2-amino-5-alkylthia2ole 
(III) was thus obtained as a mass of crystals in the case of 
the butyl and amyl derivatives and as a thick syrup in the rest 
Without any further purifications, they were condensed with 
p-acetaminobenzenesulphochloride in pyridine medium to yield the acetyl 
derivatives of formula (IV) which were then hydrolysed smoothly 


Table 


Serial 

Name of Compound 

Melti*'g 

Molecular 

% Niiroofn 

No 


Point 

"C 

Formula 

Pound 

Required 


2-Ammo-5-aniyUhidzote 

72-71 


16 1 

16 5 


2«Amino-4*methyl-5*rsoamylthiazole 

2-N^Sulphanjlamido- 

78 

C,H„N,S 

15 2 

15 2 

87 

„ 5-ethyithiarole 

170 

t uHijNjiOjSj 

14 8 

14 8 

90 

, , 5-irJpropYlthidzolc 

217 18 

C„H„N,OgS, 

14 1 

14 1 

88 

„ 5-/i-buty]thiazole 

246 

CijHi^NgOjSg 

14 0 

13 5 

89 

„ 5-/;-amylthia/ole 

237 


12 6 

12 9 

80 

„ 4-inethyl-5-ethvIthiazolc 

191-94 

C,tHuN,OA 

14 4 

14 1 

73 

4-methyl-5-propy]thiazole 

197-98 


14 0 

n 5 

78 

„ 4-methyI“5-Mi>propylthia2ole 


C„H„N,OA 

n 0 

13 5 

72 

„ 4-mcthyl-5-//-butyllhia7olc 

192-93 

t'ltHiiiNjOiSj 

13 5 

12 9 

74 

„ 4-mcthyM-ff-amyIthia7ole 

187-88 


12 3 

12 4 

75 

„ 4-mcthyI-5-/'f#amylthi azole 

202-04 


12 2 

12 4 

79 

„ 4-mcthyl-5-«-hexvlthia7olc 

1 2-N'-AcctsuIphanilamido- 

191-92 

C„H»N,0,S, 

11 9 

11 9 

87 Ac 

„ 5-elhyilhiazole 

241 42 

CwH„N,0,S, 

13 4 

13 0 

90 Ac 

„ 5-/vt>piopylthiazoIc 

200 01 

C„H„N,OA 

12 2 

12 4 

88 Ac 

„ 5-7i-butylthiJZole 

211-12 

C..H.^.OA 

c”H“N*oi? 

wbfliaWaUgdi 

CigHgiNgOgSg 

11 9 

11 9 

89 Ac 

„ 5-/;-amyUhui/olc 

229 

n 0 

11 4 

71 Ac 

„ 4-methyl-5-/f-propylthinzo!e 

236-38 

11 8 

11 9 

72 Ac 

„ 4-methyl-5-ff-bui>Uhm7olc 

216-18 

11 6 

11 4 

75 Ac 

„ 4-mct*iyl-5-f\oainylthiazolc 

214-36 

Cji H ggNgClaSg 

11 3 

11 0 

79 Ac 

„ 4-mcthyl-5-/!-hcxylthiazole 

216-18 

CwHggNaOA 

10 8 

10 6 


to the final 2-sulphaniIamido-5-alkylthia2oles (V) with about 4-5 N 
hydrochlonc acid All the compounds were readily obtained in fine 
crystalline forms and the overall yields were good in all cases 

l-N^-Sulphanil(mldo-A-methyU5-alkylthwzoles (XI) — The general methods 
of synthesis of these compounds are as follows — 

The alkylbromides (R Br) used in these experunents were all prepared 
from the corresponding alcohols by the usual sodium bromide-sulphunc 
acid method The condensation of the alkylhalides with sodium ethyl aceto- 
acetate to yield the alkylketonic esters (VI) and the hydrolysis of these to the 
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ketones (VII) were carried out according to methods descnbed in Literature 
Methylhexylketone was prepared by the oxidation of capryl alcohol 

Method / — The methylalkylketone (VII), cooled in ice-cold water, was 
treated gradually with about one molecular equivalent of sulphurylchlonde. 
The mixture was allowed to stand for about two hours or more with frequent 
shaking, treated with water, the heavy oil that separated was washed witii 
water, dried and fractionated The first fraction consisted of the unchanged 
ketone and the higher boiling one was the required chloroketone (IX) 
which usually collected within a range of 5-10“ C (this was not refractionated 
unless the range was much greater) The chloroketone, thus obtained in 
yields of 80-90%, was boiled with an aqueous solution of thiourea (one 
molecular equivalent) till no more of the oil could go into solution 
(2-4 hours) The cooled solution was thoroughly extracted with ether 
and the clear acid solution basified with sodium hydroxide The precipitated 
thick oil was extracted with ether, the extract dried and the solvent removed 
whereby the aminothuzole (X) was obtained as a syrup (yield, 50-80%) 
Without any further purification, this was condensed with p*acetamino- 
benzenesulphochlonde in pyridine medium After allowing the mixture 
to stand overnight it was warmed on the water-bath for about an hour and 
on dilution with water, a gummy product was obtained which solidified 
on vigorous scratching (yield, 50-80%) Further purification of this was 
effected by dissolving it in ammonia or soda solution (charcoal) and preci- 
pitating with hydrochloric acid The 2-acetsulphanilamido-4-methyl-5-alkyl- 
thiazole thus obtained was repeatedly crystallised from wopropyl alcohol 
To prepare the 2-sulphanilamido-4-methyI-5-alkylthia2ole (XI), the crude 
acetyl compound was boiled with about ten parts of 4-5 N hydrochloric acid 
till the solid went into solution (20-60 minutes) In case the hydrochloride 
separated on cooling, just enough water was added to get a clear solution. 
After treating it with charcoal, the partly decolourised solution was neutral- 
ised when the final product separated as a gum and solidified on scratching 
(yield, 60-80%) After a few crystallisations from isopropyl alcohol, the 
2-sulphanilamido-4-methyl-5-alkylthiazoles (XI) were obtained as colourless 
or almost colourless crystals. Only the isopropyl derivative, 78, could not 
so far be obtained as a sharp melting product though it gave the correct 
analytical figures According to this procedure, all the compounds exc»t 
80 were prepared 

Method 2 —The ketoester (VI) was chlorinated as usual with suliAuryl- 
chloride and the resulting chloroester (Vni), obtamed in 40-60% yield, 
was refluxed with a mixture of four parts of 35% sulphuric acid and four 
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parts ot glacial acetic acid for 6 -8 hours The oil obtained on dilution was 
taken up m ether, the ether extract dried, the solvent removed and the result- 
mg oil fractionated The chloroketone (IX) thus furnished in yields of 
10-40% corresponded in boiling point to that obtained by the previous 
method The rest of the procedure in obtaining the final su]phani]amido> 
thiazoles (XI) was as described under method 1 The products obtained 
by this method were much purer and crystaUised very readily The sulpha- 
mlamidothiazoles (XI) obtained by this and the previous method 1 were 
identical (there being no depression in melting point) According to this 
method all compounds excepting compounds 74 and 78 were prepared 

Method 3 — The ketone (VII) dissolved in five times the weight of ginna i 
acetic acid and a few drops of hydrobromic acid (48%), under cooling in ice- 
water, was treated gradually with one molecular equivalent of bromine dis- 
solved in three times the quantity of glacial acetic acid The decolounsa- 
tion was immediate and after allowing to stand for about IS minutes, the 
solution was poured into cold water, the heavy oil separated, washed free 
from acid and boiled with one molecular equivalent oi thiourea in aqueous 
solution The rest of the procedure was as indicated in the previous method 
1 According to this method, compounds 72, 73, 74 and 75 were prepared 
and were found to be identical with the corresponding ones prepared by 
the foregoing methods 

We express our grateful thanks to Lt-Col S S Sokhey, Director, 
Haffkine Institute, Bombay, for his keen interest in these investigations 

Summary 

In the course of the attempts to study the efiects of the difierent types 
of substituents m the molecule of 2-Ni-suIphamlamidothiazole, the synthesis 
of a senes of 2-N^-sulphanilamido-5-alkyl- and 2-N'-sulphanilamido-4- 
methyl-5-alkyl- thiazoles, wherein the alkyl group vanes from ethyl to hexyl, 
have been effected and these compounds are described 
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Introductwn 

During the course of investigations on the waste water from factories like, 
the textile mills, tanneries, dairies and other industrial concerns considerable 
difficulty was met with for their analysis, owing to the presence of large pro- 
portions of suspended as well as dissolved organic matter, and also due to 
colour of the solution These effluents in general are highly coloured — the 
colour ranging from deep black to deep pink In such cases the routine 
methods of quantitative determination of the radicles present in the water 
are not suitable The volumetric and colorimetric estimations are rendered 
impossible owing to the high turbidity and the natural colour of the solutions 
In the gravimetric analysis, the precipitates are rendered colloidal due to the 
peptising action of the dissolved organic matter, thus filtration of the preci- 
pitates IS made difficult Furthermore, the precipitates adsorb the colour 
present in the solutions, and thus account for higher results This difficulty 
IS more prominent in the case of the determination of sulphate. Thus it 
IS clear that solution under examination should be rendered free from colour, 
and organic matter, so that routine methods for the analysis of such waters 
may be employed. With this view several ways of destroymg the colour 
as well as the organic matter present in solutions, in order to render the sub- 
sequent analysis of the solution easy, were tried and the results obtained are 
presented in this paper 

Fowler, in his section on “Water and Water Examinations” m the 
Technical Methods of Analysis by Lunge and Keane has referred to the ana- 
lysis of sulphates and chlorides present in coloured solutions He* suggests 
that prior to the estimation of sulphates, the organic matter present in the 
liquid may be destroyed by boiling with 5-10 drops of fuming hydrochlonc 
acid and a few c c of strong chlorine-water The excess of chlorine is boikd 
636 
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off, the resulting solution cooled and sulphate determined in the ustuU way. 
In the same section, Fowler* recommends the use of potassium permanganate 
for the destruction of colour and organic matter present in the solutions pnor 
to the analysis of chlorides. But it will be seen ttot these methods are not of 
universal application 

In a previous communication by the author* it has been shown that 
hydrogen peroxide may be used with advantage to oxidise the organic matter 
in order to render the solution colourless, prior to the analysis of chlorides 
by the usual silver nitrate titration method The excess of hydrogen peroxide 
which is left unused is boiled off with a little alkali, ard the chloride deter- 
mined in the usual way Quite concordant and reliable results have been 
obtained by this modification of the method This new procedure has now 
been extended to the analysis of several of the radicles present in highly 
coloured and turbid waters, and the details of the methods in each case have 
been worked out The results obtained in all the above cases have been 
presented in the following pages 


Experunental 

(A) Determination of total alkali — For the volumetric detenniration of 
the total alkali by the indicator method, it is necessary that the solution urder 
examination should be absolutely colourless , and free from suspended as well 
as dissolved organic matter Fowler’s methods (loc at) of rerdenrg the 
solution clear and colourless are unsuitable in these cases since eiiler of his 
procedures would interfere with the radicles present in the water The 
hydrogen peroxide method on the other hard, has been found to be quite 
useful, and the experimental procedure is as described below. 

A known volume (SO c c ) of the filtered liquid is transferred into a 
2S0cc conical flask and heated to boiling. Then 10 per cent hydrogen 
peroxide (Merck A R redistilled quality free from acids, etc ) is added from 
a burette drop by drop until a faint colouration remains. The contents of 
the flask are then boiled until the colour gets completely discharged ard the 
evolution of oxygen ceases. The liquid is then cooled, ard quickly filtered 
through paper, all washings being done with freshly boiled distilled water. 
The resulting colourless and clear solution is titrated agamst stardaid acid 
with methyl orange as indicator and the total alkalinity of the sample is 
determined The results are calculated as parts of sodium carbonate per 
100, (KX) 

Also, parallel determinations were made on solutions of known alkalinity. 
The results obtained are quite concordant as shown by tlm following table: 

AS f 



638 


N« V. R. Iyengar 
Table 1 

Analysis of Total Alkalinity 
(Parts per 100,000) 


No 

Source of the sample 

Description of the 
sample 

Total alkalinity expressed 
as parts of sodium 



carbonate per 100,000 

1 

Textile Trade Waste Water--- 
(a) Sample I Ds^e-hoose waste 

Highly turbid , 


133 55 


Sample II 

coloured green 
Turbid, coloured 


67*74 


black 




(c) Sample III Mixed waste 

Turbid, coloured 
brown 


66 42 

2 1 

Tannery Waste Wafer— 

(a) Sample I 


Trace 

Coloured pale 
yellow 

Viscous, pale 


(b) Sample II 


2 6 

3 

Sample of water from a local tank 

yellow 

Coloured pale 


3 8 


full of dispersed organic matter 

green and highly 
turbid 



4 

Standard Solutians— 




(o) SO pans of NaOH plus 53 parts 
of NagCOg 

Clear and colour- 

Sodium 

Sodium 


less 

hydroxide 

carbonate 


(6) 40^m1s^ NaOH plus 53 parts 


79 3 

54*0 


»» 

39 1 

53 4 


(ff) Sulphate — ^The estimation of sulphate m trade wastes was earned 
out by the method described by Treadwell and Hall • Prior to the determi- 
nation of the sulphate, the trade waste samples were decolourised by the 
two methods (1) The Fowler’s chlorme-water method and (2) the hydrogen 
peroxide method described below 

A known volume of the filtered sample of the liquid (100 c c ) is pipetted 
into a conical flask and heated to boilmg Then a few c c.’s of 10 p c. 
hydrogen peroxide are added drop by drop until the colour of the solution is 
almost discharged The contents of the flask are then boiled for a few more 
minutes to decompose the excess of hydrogen peroxide. If necessary a few 
drops of strong sodium hyroxide solution are added to hasten the decomposi- 
tion of the peroxide The liquid is then filtered and the sulphate in the 
filtered liquid determined by precipitating it as banum sulphate. 

The Sanui procedure is followed in the detemunatioo of the o&er radioles 
described in the paper 

The results obtained are presented in Table II 
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Parallel determinations of sulphate were earned oat with solutions of 
known sulphate content with a view to test the accuracy of the methods 
employed The results of these analysis are also included in Table II. 

An examination of Table II shows that the hydrogen peroxide 
method gives results which are quite reliable and agree with those got by the 
Fowler’s method 

Table II 
Sulphate 


(Parts per 100,000) 


No 

Source of the sample 

Description of the 
sample 

Hydrogen 

peroxide 

method 

(Author) 

Chlonne- 

water 

method 

(Fowler) 

1 

Textile Tirade Wa%te Waters 
(a) Sample I Dye-house waste 

Highly turbid, 
greenish 

Turbid, coloured 

40 3 

40 1 

1 

(b) Sample It „ 

22 6 ‘ 

22*85 

i 

(c) Sample 111 Mixed waste ^ 

black 

Turbid, coloured 

36 45 

36 0 

2 

Tannery Waste Water 

brown 

Viscous, pale 
yellow 

Opalescent 

11 66 

12 48 

i 

Dairy Waste Water 

7 40 

7 70 

4 

Sample of water from a heal tank 

Coloured green 

3 12 

3*20 

5 

Standard Potassium Sulphate solution 
(a) Containing 126 6 parts of SO/ 
soln 

it) » 63 3 parts of SO/ 

soln 

(c) p. 31*56 parts of SO/ 

and plenty of 
suspended matter 

Clear and colour* 
less 

>• 

126 0 

125 6 


63 05 

63 0 


ft 

31 20 

31 35 


soln. 





(O Nttrate.-^The proportion of nitrate present in such effluents is not 
usually high and hence only colorimetric methods are suitable for its deter- 
mmation As in previous cases the effluents are to be made colourless ard 
clear, before estimation of the nitrates are conducted, as otherwise the origiral 
colour of the solutions makes the analysis impossible A comparative 
study of Fowler’s chlorine^water method ard the hydrogen peroxide method 
(for decolourisation) has been made. The mtrate has been estimated by the 
phenol disulfdionic acid method * The results are i«esented in Table in. 
As before, parallel detemunations of nitrate have been naade with solutions 
of known nitrate content and the results are included in Table HI. 
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An examination of Table III shows that the hydrogen peroxide method 
gives reliable and accurate results It may also be pointed out that the 
Fowler’s chlorine*water method is elaborate as it invariably involves the 
precipitation of the chlorides with silver sulphate. The removal of the 
chlorides is necessary since they interfere in the phenol disulphonic method 
for the determination of mtrates. 

Table III 


Nitrate Nitrogen 
(Parts per 100 , 000 ) 


No 

Source of the sample 

Description of the 
sample 

Hydropen 
peroxide 
metho 8 
(Author) 

Chlonne- 

water 

method 

(Fowler) 

1 1 

Textile Trade Waste fVater-^ 

(a) Sample 1 Dye-house waste 

Highly turbid. 

16 6 

15 8 


(b) Sample 11 „ 

greenish 

lurbtd; coloured 

21 1 

20*2 


(c) Sample 111 ,, 

black 

Turbid, coloured 
brown 

Coloured pale* 

7 15 

7 01 

2 

Tannerv Waste Waters 
(a) Sample 1 

3 02 

3 00 


(b) Sample ir 

yellow, viKous 
,» 

2*8 

2*55 

3 

jOalry Watte Waters 

Sample 1 

Faintly SRenish, 

0 62 

0 60 

4 

Local tank water containing large 

highly turbid 
Greemshand 

0*86 

0*89 

5 

quantity of dispersed organic matter 
Standard Solution^ 

(a) Containing nitrate nitrogen 10 

turbid 

Ckilourteta and 

9 80 

9-82 


parts per 100,000 I 

(h) Containing nitrate nitrogen 5 

clear 

•s 

4 82 

4-76 


parts per 100,000 





(D) Phosphate,— Tht proportions of phosphate present m the effluents 
under examination have bran so low that only die colorimetnc methods are 
suitable for their determination, and the Denige’s method modified by 
Florentin and Atkins* has been found to be quite suitable. 

The hydrogen peroxide method for the destruction of colour and organic 
matter of the solution has been employed But in this case it is quite neces* 
sary that the resulting solution after boiling with hydrogen peroxide should 
be absolutely free from hydrogen peroxide, as othmwise erroneous results 
and often negative tests for phosp^tes are obtained. Thus the residtii^ 
solution after filtration is again boiled for smnetime with a few drops of 
phosphatc<free alkali, and when the hydrogen peroxide has been cmnpletely 
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decomposed, the solution is cooled, and made upto a known volume and the 
phosphate determined by the modified Damge’s method The method con- 
sists m matching the blue colour produced by the addition of 2 c.c of molyb- 
dic acid solution and 0 5cc. of stannous chloride solution to the 
sample of water imder test, with similar solutions of known phosphate con- 
tent. The results obtained are accurate and the reliability of the method has 
been found out as before by carrying out a senes of determinations with 
solutions of known phosphate content. The results are as shown in 
Table IV. 

Table IV 
Phosphate 


{Pam per 100,000) 


No 

Source of the sample 

Descnption of the 
sample 

Hydrogen 

peroxide 

methoJ 

(Author) 

1 

Textile Trade Waste Waters 
(a) Sample 1 Dye«house waste 

Highly turbid; 
greemsh 

Turbtd, coloured 

1 62 


{h) Sample 11 „ 

1 25 


(c) Sample 111 Mixed waste 

black 

Turbid, coloured 

1 56 

2 

Tannery Waste Waters 
(a) Sample I 

brown 

Coloured pale 

6 65 


1 

lb) Sample 11 

yellow and 
viscous 

5 02 

3 

Dairy Waste Water 

Faintly greeni^ 
and turmd 

2 03 

4 

Sample of Tank Water 

Greenish and 

0 018 

3 

Standard Sodium Phosphate Solution^ 

(a) Contauung 5 parts of 

turbid 

Clear and colour- 
less 

4 82 


(b) Containing 2 parts of PO/ 

(e) Containing 1 5 parts of ro/ 

s* 

1*91 


ft 

1 32 


Conclusion 

As shown in the foregomg pages the analysis of hi^y coloured and 
turbid effluents has been much simplified by the previous oxidation of colour 
and organio matter by hydrogen peroxide under suitable conditions. It has 
also been shown that the hydrogen peroxide method is more convenient 
than the other two methods, namely the permanganate method and the 
^lorine-water method. The hydrogen pwoxide method can moreover be 
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employed for determination of total alkali, whereas the oAer two methods 
are unsuitable 

It must however be conceded that the bicarbonate, the nitrite and sulphite, 
escape determination by any of the above methods since all of them are 
decomposed during the pre-treatment of the effluents under analysis. While 
the bicarbonates get precipitated as their carbonates during the course of 
pretreatment and thus are removed out of the solution during the subsequent 
fiUrations, nitrite and sulphite are oxidised to nitrate and sulphate respec- 
tively, thus adding to proportions of nitrate and sulphate already present. 
Further work on this aspect of the problem is in progress 

The estimation of stable radicles m turbid and highly coloured fluids 
can be convenently conducted after the pretreatment with hydrogen peroxide. 
It may be confidently hoped that this method will find a wide apphcation in 
the biobgical analysis of highly coloured liquids of biological origin 

The author is ind bted to Mr N V Achar M Sc , Asst Professor of 
Chemistry, Central College, Bangalore, for his valuable suggestions and 
cntici‘mi on the paper 

The author desires to thank Mr B D Patel for his kind interest 
and encouragement during the course of this work 


1 Fowler, O J 

2 

3 Iyengar, N V R 

4 Treadwell and Hall 

5 

6 

7 Florentm and Atkin, 


REFERENCES 

Technical Methods of Chemical Analysis, by Lange 
and Keane, 1931, 3, 400. 

Ibkl, 1931.3,401 

Proc Soc Biol Chemists (India), 1938, 3, 18-20 
Analytical Chendstry, 1935, 2, 510 
/Ud. 1935, 2, 411 

Standard Methods for the Examination Water 
and Sewage, A P H A , 1936, 48 
/. of Marine Bhhgy, 1925, 13, 294 



THE COLOURING MATTER OP THE FLOWERS OP 
TAGETES PATULA: ISOLATION OF A NEW 
FLAVONOL, PATULETIN AND ITS CONSTITUTION 
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Tagetes patula, the French Marigold (called Seemdbmtht m Telugu) is 
similar to Tagetes erecta, except that it has a bushy and spreading habit. 
The flowers are much smaller in size, but borne in larger numbers. In 
colour they are red tinted and vanegated They do not seem to have been 
investigated before It has been recently pointed out by us^ how De La 
Source and Perkin on the one hand and Mahal on the other, thought that 
they were dealing with the two different species, but actually exammed one 
and the same species Tagetes erecta The confusion arose from a wrong 
combination of the botanical and the common names 

A genuine sample of the flowers of the patida was collected and examined 
according to the general method already outlmed in some of our past pub* 
lications.^ The concentrated alcoholic extract of the petals did not deposit 
any solid even after several da>s but on dilution with water, a pale yellow 
crystalline substance separated out in good yield After the removal of this 
solid, the mother-liquor was successively treated with neutral and basic lead 
acetate solutions, when an orange>red precipitate was produced in each case. 
The aqueous solution obtained by the decomposition of the neutral lead 
acetate precipitate did not yield any solid even after six months It, however, 
contain^ a glucoside and on hydrolysis produced glucose and an aglucone 
which was found to be identical with the yellow substance obtained by the 
dilution oi the original alcoholic concentrate The glucoside itself could not 
be obtained and experiments are being earned out to effect its isolation. 
The basic lead acetate fraction was not much and was therefore, discarded. 

The pale yellow crystalhne solid isolated as given above is found to be 
a new pigment, and is named “ Patuletin ", as it has been obtamed from the 
flowers of the patula It has the elementary formula and melts 

at 262-^°. On treatment with lead acetate it pves a de^ red precipitate, 
and in 50% alkali it undergoes ready oxidation in the cold, thereby indicatmg 
that It 18 a flavonol The substance yields a poitaacetyl derivative and a 
pentamethyl ether, and hence it should be a tetrahydroxy flavonol. It is, 
therefore, isomenc with quercetin and herbacetm As a result of oxidation 
in alkaline solution, it yields protocatechuic acid, which could be isolated 

643 
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after methylation, m the form of veratric acid. So the flavonol contams two 
hydroxyl groups m the 3' and 4' positions Since the naturally occurring 
hydroxy flavones and flavonols with the exception of one or two invariably 
contain a hydroxyl group m position S, it is very likely that the new sub- 
stance does not add yet another member to the exceptions to the general rule, 
and hence it may be presumed that one of the two hydroxyl groups m the 
benzopyrone nng is m position S For the other hydroxyl therefore, one of 
the remaining three positions 6, 7 and 8 is available It does not seem to be 
present in position 8, as the substance is not oxidised by p-benzoquinone to 
give the “ gossypetone ” reaction {cf cannabiscetin’). Nor can it in posi- 
tion 7, as the compound is not identical with quercetin Hence patidetin 
is tentatively represented as 3 * 5 6.3' 4'-pentahydroxy flavone 


o OH 



OH CO 


In further support of the above structure, it may be pointed out that the 
flavonol present in the closely allied species T erecta has two hydroxyl groups 
in S and 6 positions (quercetagetin) The resemblance between patuletm 
and quercetagetin is very close in regard to many of their reactions. Like 
the latter the new flavonol immediately dissolves m alkah forming yellow 
solutions When treated with a drop of feme chloride, an alcohohe solu- 
tion of the substance produces a greenish brown colour. With alkaline 
buffer solutions, as in the case of quercetagetin, no prominent colour changes 
are produced When treated with sodium amalgam (BargellinFs test), 
patuletm immediately yields bluish green flocks, but the colour changes to 
almost pale yellow in about ten minutes and remams so even after 48 hours 
By the action of diazomethane, the pigment undergoes complete methyla- 
tion, This may be counted as evidence against the existence of a hydroxyl 
group in the Sth position. But the objection cannot be valid since querceta- 
getin Itself is completely methylated under the same conditions * The resis- 
tance of the hydroxyl group in position 5 to methylation seems to be depen- 
dent on the disposition of other hydroxyls in the ring and to be greatest wiien 
they are present in the S~7>8 combination as m herbacetin' and gossypetin,* 
Support for the suggested structure of patuletin is expected to be 
obtained from synthesis which is in progress. 

Experimental 

Isolation of Ffl/wtow.— The dry petals (1,000 g) of the flowers of 
Tagetes patula were extracted twice with bofling alcohol, each extraction 
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lasting over 12 hours, and the extract concentrated to about 300 c.c. After 
filtering through fiuted filters the resins and the waxes that separated out, 
the clear concentrate was allowed to stand for a month, but no solid was 
deposited. It was, therefore, diluted with a large volume of water (1,500 c c.), 
when a yellow crystalline solid began to precipitate out The next day it 
was filtered and washed with water As it was still impure and sticky, it was 
dissolved in a little pyridine and water was added to the solution till the 
impurities separated out as a suspension They were coagulated by the 
addition of calcium chloride and filtered off The clear filtrate which did not 
develop any more turbidity on further dilution was concentrated till the 
pigment separated out as yellow needles Further purification of the sub- 
stance was effected by crystallisation twice from alcohol, when it came out 
as clusters of dull yellow needles smtenng at 260° and melting at 262-64° 
It was sparingly soluble in water but easily dissolved in pyridine, alcohol 
and acetic acid (Found in air-dried sample C, S3 S; H, 4 4, CigHioO,, 
2 H 2 O requires C, 53 5, H, 4 1% Found in the sample dried at 120° in 
vacuo C, 59 4, H, 3 5, C,sH,o 07 requires C, 59 6, H, 3 3%) On acety- 
lation with acetic anhydride and anhydrous sodium acetate, the pigment 
yielded a pentaacetyl derivative melting at 170-72° It crystallis^ from 
dilute acetic acid as clusters of colourless needles [Found C, 58 1 , H, 3 9, 
CjjHjOa (OCOCHa\ requires C, 58 6, H, 3 9%] 

The Neutral Lead Acetate Fraction — ^The aqueous solution left after the 
removal of the new flavonol was treated with excess of neutral lead acetate. 
The orange red precipitate produced was filtered, washed, suspended in water 
and decomposed with hydrogen sulphide The aqueous solution thus 
obtained was concentrated and left aside after the addition of a few drops of 
toluene Even after six months no pigment separated out but a small amount 
of resin settled down The clear liquor was extracted with ether and the 
extract yielded a small amount of patuletin on evaporation. To see if the 
aqueous solution contained any glucosides, it was made 7% acid by the addi- 
tion of the calculated amount of concentrated sulphuric acid and boiled 
under reflux In about fifteen minutes some brown solid separated giving 
rise to bumping, and the subsequent heatmg had to be carried out on a boil- 
ing water-bath. After two hours, the contents were cooled and filtered A 
portion of the filtrate was neutralised with barium carbonate, concentrated 
to a small bulk and then treated with phenyl hydrazine in acetic acid solu- 
tion, when an osazone was produced. This was identified as glucosazone 
melting at 204-06°. The solid residue was brown in colour and it was con- 
taminated with a considerable amount of resin, which could not be removed 
by direct crystalUsation. So the mixture was macerated with cold alcohol 
when all the brown resin went into solutiem leaving most of the pigment 
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behind. By this treatment and subsequent crystalhsation from fresh alcohol. 
It was obtained as clusters of yellow needles melting at 260-62". It was 
identified as the new flavonol, patuletm, from a study of its properties and the 
comparison of the acetyl derivatives 

Properties oj Patuletm — The substance was not a glycoside since it 
remained unaffected, when boiled with 7% sulphuric acid for two hours. 
It very easily dissolved in alkalis producing orange-yellow solutions. Ferric 
chloride imparted a brownish green colour to an alcoholic solution of the 
substance When a small amount of sodium amalgam was added to a solu- 
tion of the substance in absolute alcohol, bluish green flocks were imme- 
diately produced , but their colour changed to almost pale yellow in about 
10 minutes and remained so even after 48 hours Neutral lead acetate pro- 
duced a deep red precipitate, when added to an alcoholic solution of the pig- 
ment When a solution of the substance in absolute alcohol was treated 
with p-benzoqumone, the original colour of the solution did not change, nor 
did any solid separate out even after several days The colour reactions of the 
flavonol with alkaline buffer solutions were not promment In this and most 
of the other properties given above, it resembled quercetagetin closely 

Alkaline Oxidation of the Flavonol Isolation of Veratnc Acid . — ^The 
flavonol (1 g ) was treated with 50% aqueous potash (20 c c.) when it dissolved 
immediately to form an orange-yellow solution On leaving exposed to air 
with occasional shaking for 24 hours, the solution became opaque and brown. 
It was then diluted, and treated with excess of dimethyl sulphate (20 c a) m 
small quantities After shaking for an hour, the contents were heated on a 
water-bath for about 30 minutes to complete the methylation and 
decompose the excess of the dimethyl sulphate The clear alkaline solution 
was then acidified, and extracted with ether, when a colourless crystalline 
acid was obtained It crystallised from alcohol in the form of needles melt- 
ing at 183-84® and was found to be identical with veratnc acid 

Preparation of Pentamethyl Patuletm — (a) Pentaacetyl patuletin (0 5 g.) 
was dissolved in acetone (20 c c ) and treated in small quantities alternately 
with dimethyl sulphate (10c c) and 20% sodium hydroxide (10c c) Sub- 
sequently further quantities of dimethyl sulphate (5cc) and alkah (5c.c.) 
were added, and finally the medium was made definitely alkalme by the 
gradual addition df more alkali (IS cc) After leavmg overnight, the mix- 
ture was refluxed for half an hour to complete the methylation. When the 
excess of the solvent was distilled off, a yellowish white substance was pro- 
duced It was recrystallised from dilute acetic aad using a little animal 
charcoal, when it appeared as colourless needles and narrow rectangular 
plates. 
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( 6 ) The flavonol (1 g ) was dissolved in anhydrous methyl alcohol (SO c c.) 
and then treated in small quantities during two days with excess of diazo- 
methane (3 g ) in ether solution After each addition, the mixture assumed an 
orange colour which gradually faded on subsequent shaking After the 
completion of the reaction, the ether and the excess of diazomethane were 
driven off on a water-bath, when a brown solid was left behmd On crystalli- 
sation from alcohol using a little animal charcoal, the ether was obtamed 
las colourless narrow rectangular plates. 

The two samples of the ether as obtained by the above methods were 
found to be identical The pure substance sintered at about 143° and melted 
completely at 158-59° [Found OCHa, 39-6, CiaHjO* (OCHalg, H,0 
requires OCH 3 , 39 7% ] 

Alkaline Oxidative Hydrolysis of Pentamethyl Patuletin. — ^The Penta- 
methyl ether (1 g ) was refluxed in a silver flask with 50% potash (20 c c ) for 
6 hours, at the end of which it was completely disrupted The clear alkahne 
solution on acidification did not precipitate any solid. When extracted 
with ether, however, and when the ether solution was evaporated, a crystal- 
line solid was obtained and was found to be identical with veratnc acid melt- 
ing at 182-84° 

Summary 

A new flavonol, patuletin has been isolated from the petals of the flowers 
of Tagetes patula (French Mangold) It contains five hydroxyl groups and 
yields a pentaacetate and a pentamethyl ether It is, therefore, isomenc 
with quercetin and herbacetin On oxidation in cold alkali, the sub- 
stance decomposes into protocatechuic acid which could be isolated after 
methylation as veratnc acid The completely methylated ether also yields 
veratric acid on boiling with potash Assuming that a hydroxyl group is 
present in position 5, as is the case with most of the naturally occurring 
flavones and flavonols, the remaining hydroxyl group in the compound is 
concluded to be in position 6 in view of the properties of the flavonol and its 
resemblance to quercetagetin Hence patuletin is represented as 3 5 6*3': 
4'-pentahydroxy flavone 
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The theory of finite strain in elastic problems has been developed on the 
hypothesis that ive do not neglect the second order terms in the components 
of strain Some applications of it have been given in recent papers 
When applied to the case of a solid rotating shaft we get an exact solution 
of the stress equations of equilibrium, and the comparison of the results 
with those given by the small strain theory becomes quite interestmg. 

We treat the problem as one of plane strain, with an allowance for uni- 
form longitudinal extension, a Since the shaft is strained symmetricaUy 
we can take the components of displacement as 


m=x(1-/3), v = >-(1-^), 

(0 

where jS is a function of r = (x* f > *)* only. 


The stress components are given by 


= A8+ ^ [(1 - iS*)- X* 

(21) 

9=A8 + ,x 

(2-2) 

JZ = A8 + ^ (2 a — a®), 

(2-3) 

yz=zx =-0, 

(2 4) 


- (2 5) 

where 


P' = dpidr, and 


8 -X 1 - iS* - i (r* + 2 r /SiSO + a ~ i a* 

(3) 

In polar co-ordmates these stresses are given by 


7r=.A8 + ,i[l-(r/5'+OT 

(4-1) 

=-A8 + ia(l-./5»), 

(4-2) 

^ 

r$ ^ rz ■= =• 0, 

(4-3) 


with 2 Z given by (2 > 3). 
648 
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The only stress-equation of eqmlibriuin which is not identically satisfied 
is given by 


Srr , 'brz , rr— $B , 




P rcw*— 0, 


(5 1) 


which, on substituting from (4), reduces to 
^[)3®+(ri3' + i8)*+cJ* 

where 

2fi 1 — 2ij 

and w is the angular velocity of the shaft 

Since ij, the Poisson’s ratio, lies between 0 and c lies between 0 and 1. 
The differential equation statisfied by /3 is therefore 


iS* + (rjS' + ^» + c J* r/3'* dr- ^ pr* a>* = K„ (5 2) 

Kx being a constant. 


The general solution involving one arbitrary constant can be obtained 
in the form of an infinite senes In the present paper we propose to discuss 
only the particular solution obtained from (5 2) by putting Ki » 0 This is 
easily seen to be 


j3= Ar= 


c p t o* r ^ 


( 6 ) 


The radial displacement is therefore given by 


U=r 



cpto *r \ 
c)/ 


(7) 


The boundary condition over the curved surface is rr = 0 over r=. a, 
being the radius of the shaft in the strained condition Using (4* 1) we get 

(3 - 2c) - (1 - c) (1 - o)* = c*A* (5 - c). (8) 


The boundary condition over the plane ends is zz» 0 over ± I, 21 
being the length of the shaft This cannot be exactly satisfied But we can 
the resultant longitudinal tension vanish over the plane ends This 
requires 



0 . 


(91) 


which gives 

(3- 2c)- (1 - a)*- # «• A* (1 - c). (9-2) 
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We have now the three equations (6), (8), (9 2) to determine the two 
constants A and a. This implies an identical relation between p, a and *o. 
This IS the natural consequence of the fact that (6) is only a particular solu- 
tion, and not the general solution 

The constants a anQ A are given by 


n t3-2t)(5+3c) 

(10 1) 

2c (3 -2c) 

A « - 5'+ gc- 5c»’ 

(10-2) 

and the identical relation is given by 


^ 5+ 8c- 5c* 

(10 3) 

The non-vanishing stresses are now given by 



(11 1) 


(11 2) 

5 pw® (1 — c) p, 9 ^ g. 

“=-f?ro+c) 

(11 3) 


If rrg, Offg, rzg, denote the corresponding stresses of the small strain 
theory, we have“ 


'■'’ 0 “ i (4 - c) (a* - r*), 

fl ?0 - i />ai» (4 - c) - r* (4 - 3t)l 

rZfl = i (1 — c) p<o* (a* — 2 r*) 


( 121 ) 
(12 2 ) 


(12-3) 

If og 18 the corresponding value of we have for <a given by (10 3), 
„_1 (l-c)(10+c) 

®' 2 5 + gc-5c*' vl3) 

Instead of making the resultant longitudinal tension vanish we can suppose 
that the tension is adjusted on the plane ends so that the length is maintain ed 
constant In such a case a - 0, and the identical relation (10 ■ 3) takes the form 


po.„. =. 

c(5- c) 

rr, 00 retain the form given in (1 1), butrz and Z 2 g become 

12 (5- c) «*- 5 (2~ c) r1. 

K4-c)a*-2(2-c)r*l. 


(14) 

(15*1) 

(15-2) 



Finite Strain in a Rotaiing Shaft 


65t 


If Uo is the radial displacement of the small strain theory, we have^ 


If r-i and r^o are the values of r for which U and Uj^ vanish, we have 
r, f (5+ic~Sc- 
'•io’U(2-c)(I>2c)J- 


(17) 


Since 0 < c < 1, this ratio lies between 1 118 and 1 155 For 
V — the diiference can be as much as 12 per cent 

In like manner we find that (a/ag) lies betewen 1 and 0 732 For 
1 ? — i, the difference between the two values is about 10 per cent 

For comparing the stresses we find 


rr 8 ( 5-0 
( 115+0 ( 4 - 0 * 


(18*1) 


zz 

«0 


10 


(18 2) 


10 + c 

The ratio m the first case varies between 1 and 0*97, and in the second case 

vg) lies 


between 1 and 0 91 For the cross-radial stress we find that 
between 1 2 and 0 97 


It appears that, though the stresses given by the two theories are similar 
in form, the radial displacements have not the same character Also, the 
mistake involved in using the small strain theory can be as much as 10 to 12 
percent. 
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Qureshi (193t) pointed out that the decomposition of hydrogen per- 
oxide by sodium iiitroprusside in visible light is followed by a marked 
photochemical after-effect The reaction in the unillununated mixture 
was found to be exceedingly slow, but the decomposition m the prc- 
liluminatcd mixture was observed to follow the ununolecular law He 
suggested that the after reaction is due to colloidal Prussian blue formed 
from niiroprusside during irradiation Prelinunary experiments conducted 
by the present author showed that although the dark decomposition is very 
slow, the reaction in the pre-insolated mixture is not ununolecular An 
attempt was, therefore, made to investigate this after-effect, and to ascertain 
the nature and the rdle of the catalyst, which is responsible for the 
non-ccssation of the reaction after cutting off the illumination The photo- 
chemical after-effect in HjOfKtFeCCN), reaction has been shown by the 
author (1939) to be due to the photo-formation of potassium aquopentacyano- 
femte It was of interest to examine whether the after-effect m the above 
reaction might also be traced to a similar cause. 

In view of the meagre experimental work on this reaction, it was thought 
desirable to take up an exhaustive investigation of the problem and try to 
elucidate the chemical mechanism of the after-effect. Experunoits have 
been conducted with — 

(i) pre-insolated H|0]-nitroprusside reaction mixture; 

(ii) pre-insolated sodium mtroprusside added to hydrogen peroxide 

in the dark, 

(ui) end solutions of pre-insolated HiOg-nitroprusside mixtures added 
to fresh hydrogen peroxide in the dark 

AU the experiments were carried out at 3S” C The volume of the 
reaction mixture was 50 c c in all cases, and the strmigth of hydrogen per- 
oxide was N/10 The velocity constants have been calculated frmn the usuat 
ununolecular formula, K=a l/r log a/a-x, where * / * is the time in nunutes, 
652 
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and'fl—x’is the concentration of HgOj in terms of cc of KMnO^ at 
time ‘ t ' 

Photochemical After-effect 

The dark reaction is negligibly slow Sodium mtroprusside (0 0200 gm ) 
dissolved in conductivity water was added to the calculated amount of 
hydrogen peroxide and the mixture was made up to 100 cc. It was 
insolated and when the evolution of oxygen became marked, it was trans- 
ferred to the dark room The reaction in this mixture was found to be 
autocatalylic It has been observed in connection with another investi- 
gation that the decomposition of hydrogen peroxide by sodium aquopenta- 
cyanoferrate follows an autocatalytic course, but fairly uniform unimolccular 
velocity constants are obtained in presence of a suitable excess of potassium 
ferrocyanide It was consequently of interest to see if the addition of 
potassium ferrocyanide to the insolated mixture could give uniform values 
of the ummolecular constant 

In order to study the effect of potassium ferrocyanide, 100 c c of the 
reaction mixture was insolated as above It was then divided into SO c.c 
portions and kept in the thermostat The reaction in the first portion was 
followed as usual The other portion of the insolated mixture was treated 
with the requisite amount of potassium ferrocyanide The mixture was 
allowed to stand in the thermostat until all the ferrocyanide had dissolved, 
and then the decomposition of hydrogen peroxide was followed volumetri- 
cally The amount of permanganate taken up by ferrocyanide was allowed 
for (by subtraction) from the total volume used in each titration 

Table I Table II 


Without KtFe (CN), 


/ 

a~x 

K 10* 

0 

13 45 


23 

11 50 

796 

61 

7 70 

397 


With KtFe(CN\ - 0 1320 gw 



a X 

K10« 

0 

9 20 


10 

6 90 

125 

15 

5 80 

134 

24 

4 50 

129 

35 

3 50 

120 

54 

1 90 

127 

72 

1 10 

128 


It is evident that in the absence of ferrocyanide, the reaction shows an 
autocatalytic course and the velocity constants calculated by the uni- 
mcSecular formula increase with the progress of the reaction In the pre- 
sence of an excess of ferrocyanide, however, constants are obtamed for the 
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ununolecular formula Their absolute values are also much higher than 
when no ferrocyanide is used 

After-effect with Pre-msolated Nitroprvsside added to HtOt in the Dark 

Experiments were performed with pre-msolated nitroprusside added to 
hydrogen peroxide in the dark. Sodium nitroprusside (0 2S00 gm.) was 
made up to 500 c c in conductivity water and insolated in bright sunlight, 
until a pale brownish yellow colour appeared This did not take more 
tha n 7 to 10 minutes The solution was removed to the dark before any 
blue tint could be noticed The volume of this solution used in the follow- 
ing experiments was 20 c c (0 0100 gm ) (See Table III ) 

The unimolecular velocity constants are seen to increase with time. 


The effect of ferrocyanide in varying quantities was next investigated and 
the following results were obtained. The volume of pre-insolated nitrOi^ 


prusside was 20 c c. in each case. 

Table III 

Table IV 

KtFe(CN)t==0 0060 gm 

t 

fl-JC 

K10« 

/ 

H 

1 

KIO* 

0 

15 00 


0 

14 35 


60 

14 80 

97 

42 


1020 

128 

14 60 

105 

76 

12 45 

812 

230 

14 15 


108 5 

11 95 

732 

310 

13 70 

127 

134 

11 80 

634 

418 

13 15 j 

137 

210 

10 95 

559 




293 

10 05 

528 




354 

9 45 

512 


Table V 


Table VI 


/:*Fe(CAf),= 0 0132gm. 

KtFe(CN),^00396gm. 


a~x 

K 10* 

■Dl 

a— jf 

K.10* 

0 

14 40 


0 

13 75 


43 

11 70 

210 

20 

10 25 

S3S 

75 

10 20 

200 

60 

6 10 

588 

99 

9 15 

199 

S3*S 

4 30 

605 

209 

5 65 

194 

101 5 

3*10 

637 

295 

4 55 

170 




356 

3 90 

159 

! 





For the sake of brevity, the other tables are not reproduced, but the 
results have been summarised below and illustrated in Fig. 1, curve *a*. 
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The after-effect has been calculated by subtracting the dark rate of uninso- 
lated nitroprusside-ferrocyanide-hydrogen peroxide mixture from the rate of 
pre-insolated nitroprusside-ferrocyanide-hydrogen peroxide mixture. 



Table VII 


K«Fe(CN), 
usM in gm 

Afler-effect 

KlO* 

0 0060 

Decreasing rate 

0 0132 

do 

0 0396 

609 

0 0660 

957 

0 1320 

1415 

0 2640 

2079 


The above results show that in presence of an excess of ferrocyanidc, 
not only are uniform values of unimolecular velocity constants obtained, 
but their absolute values are very much higher than those obtained in 
experiments in which no fcrrocyanide is added Moreover, the greater the 
amount of ferrocyamde added, the higher is the velocity constant When 
very small amounts of ferrocyamde (0 0060 gm , 0 0132 gm ) are used, the 
velocity constants show a falling off with time This result is strikingly 
Kiiwil^r to that observed in fcrrocyamde-hydrogcn peroxide reaction from 
the view-point of the photochemical after-effect The prc-insolated nitro- 
prussidc solution does not show any colour change with dilute sulphuric 
acid, p-nitrosodimethylanilme, or nitrosobenxene But when ferrocyamde is 
add ed to pre-insolated mtroprusside solution containing any of the above 
reagents, very characteristic colour changes arc produced in the dark The 
first two reagents give a green colouration while the tliird reagent, i,e , 
nitrosobenzene, gives a violet colouration These tests arc not given by un- 
insolated nitroprusside to which ferrocyamde has been added in the dark. 


Effect of Concentration Change on Pre-insolated Nttroprusside with 
Constant Concentration of Fcrrocyanide 

, The results obtained by employing varying quantities of pre-insolatcd 
aitrt^russide solution with a constant amount (0 0660 gm.) of ferrocyamde 
have been summarised below and illustrated in Fig. 2, curve *b*. The 
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details of one experiment, using 1 c.c of pre-insolated nitroprusside 
(0 0005 gm ) are given below . 

Table VIII Table IX 


Pre-msolated nitroprusside 
1 c.c (0 0005 gin ) 


t 

a-x 

KIO* 

Nitropru»ide in gm. 

Aner^iTect 
• K10» 

0 

14 10 

mm 

0 0005 

148 

22 

13 05 


0 0015 

279 

SO 

11 80 


0 0025 

432 

126 

9 55 


0 0050 

650 

154 

8 75 

135 

0 0100 

957 

181 

8 10 

133 

0 0150 

1157 

209 

7 40 

134 

0 0200 

1337 



The concentration of ferrocyanide being kept coostBot, the velocity 
constants depend upon the amount of pre-insolated nitroprusside. The 
greater the concentration of prc-insolated nitroprusside, the higher is the 
value of the velocity constant. Potassium ferrocyanide ^s been onployed 
in considerable excess m the above experiments. 

The following experiment shows the effect of potassium ferricyanide on 
the reaction mixture of hydrogen peroxide and pre-msolated nitroprusside. 
The concentration of ferricyanide was the same as that of ferrocyanide^ 
I e., M/320, and the amount of pre-insolated nitroprusside was 20 c.c., f a., 
OOlOOgm. 
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Table X 


/ 

II— JC 

KI0> 

0 

14 95 


16 

14 60 

64 

61 

13 40 

78 

121 5 

7 00 

271 

181 

1 80 

508 

211 

0 85 

590 


The efTect of ferrocyanide (in increasing and keeping constant) on the 
unimolecular velocity constants is quite specific, as femcyamde does not 
regulate the reaction The obvious conclusion is that the catalyst, formed 
from nitroprusside on insolation, is changed to a more reactive substance 
by interaction with ferrocyanide and is kept at a constant 
concentration when the latter is used in excess. Potassium femcyamde 
does not show this behaviour 

Diminution in the Reactivity of Pre-msolated Nitroprusside 

The catalyst formed by insolation of nitroprusside is fairly stable, as 
by heating the pre>insolated solution to about 90° C for a few minutes 
before mixing with hydrogen peroxide-ferrocyamde mixture, the same rate 
of decomposition is obtained as with the unheated solution Moreover, 
a pre*insolated solution of nitroprusside continues to give the same rate 
of decomposition even many days after insolation But a very striking 
change was observed when a mixture of ferrocyanide and pre*insolated nitro> 
prusside was heated to about 90° C for a few mmutes before adding to 
hydrogen peroxide. The value of the velocity constant (K 10*) comes down 
from 4450 to about 250, It is significant that pre-heated ferrocyanide, when 
added to pre>insolatcd nitroprusside, does not show this tremendous dimi> 
nutlon in the catalytic activity It is evident, therefore, that the catalyst 
obtained by irradiation of nitroprusside is comparatively stable towards heat, 
but the more reactive substance formed by interaction of pre-insolated nitro> 
prusside and ferrocyanide m the dark is destroyed by heating the mixture to 
90° C This change was also observed when ferrocyanide-pre-insolated nitro- 
prusside mixture was kept in the dark at room temperature (30° C ) for 48 
hours before the experiment The product of interaction between ferrocyanide 
and the catalyst formed m pre-msolated nitroprusside thus undergoes a slow 
spontaneous change in the dark with a concomitant diminution in its 
catalytic activity The reactivity of pre-msolated nitroprusside m the 
presence of ferrocyanide is much suppressed by cyanide ions The after- 
effect due to the pre-insolated nitroprusside is almost completely ‘ quenched* 
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by sodium nitrite also The strength of potassium cyanide was N/400 and 
that ot sodium nitrite, N/lOO Sodium nitnte was added to pre-insolated 
nitroprusside and ferrocyanidc and this mixture was added to hydrogen 
peroxide The excess of nitrite had reacted with hydrogen peroxide before 
the first reading was taken, and consequently no allowance for nitrite in 
the titrations was necessary The effect of heat, standing in the dark for 
48 hours, cyanide ions and sodium nitrite is recorded in Tables XI, XII, 
XIII and XIV respectively The curves A, B and C in Fig. 3 illustrate 

Table XI Table XII 


/ 

K10« 


K.10* 

0 


0 


20 

261 

25 

244 

61 

208 

60 

205 

108 

184 

196 

160 

138 

176 




Table XIII Table XIV 


/ 

KIO* 

r 

a-x 

KIO* 

0 


0 

14 60 

m 

30 

203 

30 

14 45 

120 

153 

60 

14 30 

152 

188 

148 

117 

14 10 

130 

205 

147 

185 

13 60 

167 

310 

169 

255 

13 20 

172 



NA.->TIie uninnlated mtrofvuiikMiKreeyaiiide mhUm fives eewlaat valncs (K. 
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the respective effect of heat, spontaneous change in the dark after 48 hours 
and lastly of cyanide ions 

The control experiment between uninsolated nitropmsside (0*0025 gm. 
and ferrocyanide (0 0660 gm ) gave constant values of unimolecular velocity 
constant, K 10'~ 126 The same value of K is obtained when no nitro- 
prusside is used. When potassium cyanide (N/400) was employed together 
with the above two reactants in the dark, the course of the reaction became 
autocatalytic, probably due to the alkali obtained from potassium cyanide 
by hydrolysis. It is clear that the velocity constants obtained above tend 
to approach the values obtained in the control 

Secondary After-effect 

The effect of adding fresh hydrogen peroxide in the dark to the end 
solution of pre-insolated nitroprusside-hydrogen peroxide mixture has been 
called the secondary after-effect (cf MacMahon and Lai, 1S>40) It has been 
studied by restoring in the dark the hydrogen peroxide used up in the 
insolated mixture A mixture (500 cc) of hydrogen peroxide (N/10), and 
nitropmsside (0 2500 gm ) was prepared and insolated, until the evolution 
of oxygen became marked It was then brought back to the dark room, and 
allowed to stand until all hydrogen peroxide was decomposed This end 
solution was taken in measured quantities and the reaction performed by 
adding fresh hydrogen peroxide to restore the original strength (N/10) 
(See Table XV ) 

The end solution, when added to fresh hydrogen peroxide in the dark, 
shows an autocatalytic course similar to that observed with pre-insolated 
mtroprusside The effect of ferrocyanide in varying amounts was studied 
on this mixture as well. The amount of the end solution used in each case 
was 20 c c. (0 0100 gm ). 

Table XV Table XVI 

Eitd solution «= 20 c c. KtFe (CN), = 0 0132 gm. 


t 


KIO* 


a-jc 

K10> 

0 


$0 

0 

14 10 


55 

14 55 

13 

12 95 

284 

116 

14 10 

156 

39 

n 90 

184 

175 

13 70 

175 

72*5 

10 85 

157 

256 

12 95 

233 

107 

9 80 

148 





8 95 

141 




176 5 

8 20 

133 




243 

7 10 

123 




278 

6 60 

119 
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The other results are summarised below (Table XVIII) The after- 
effect has been calculated by subtracting from the total rate the dark rate 
with unmsolated nitroprusside and ferrocyanide m each case 

Table XVII Table XVIII 


KtFeiCN)t-=0 0396 gm 


/ 


K 10* 

0 

14 10 



11 SS 

433 

40 

9 30 

454 

73 

7 20 

400 

109 

5 25 

394 

142 

3 70 

409 

178 

2 30 1 

443 


KJPt (CN)« iti gm. 

After-cfTect 

K10> 

0 0132 

Decreasing rate 

0 0396 

414 

0 0660 

597 

0 1320 

925 

0 2640 

1419 


These results have been illustrated in Fig 1, curve ‘A’ They show 
that except when a very small amount of ferrocyanide is used, the velocity 
constants are uniform and higher than in the experiments in which no 
ferrocyanide is used to an extent depending upon its concentration. 

Variatton of the End Solution with Constant Amoiait of Ferrocyanide 

In the following experiments the amount of potassium ferrocyanide 
was kept constant (0 06^ gm ) and the amount of the end solution was 
varied. The results have been graphically shown m Fig 2, curve *B’, and 
summarised below. 


Table XIX 


Nitroprusside in end 
solution in gm 

After-effect 

KIO* 

0 0015 

169 

0*0025 

288 

0*0050 

366 

0*0100 

597 

0*0150 

689 

0 0200 

815 


The results show that for a fixed amount of ferrocyanide the rate of 
decomposition is higher, the greater the amount of the end solution. 

Reproduction of the Photochemical After-effect m the Dark 

Previous investigation of the photochonical after-efihct in 
HjOt-KiFe (CN), reaction by the author {loc. cit.) has shown that the 
photoformation of potassium aquopentacyanoferrite from aqueous potassium 
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ferrocyamde causes the phenomenon. It was only natural to suppose that 
sodium nitroprusside on insolation produces a similar or identical product, 
which continues to exert its influence even after darkening. It was, therefore, 
thought desirable to study the decomposition of hydrogen peroxide in 
presence of sodium aquopentacyanoferrate and uninsolated nitroprusside. 
Sodium aquopentacyanofernte was prepared in the laboratory by the method 
of Hofmann (1900) It was oxidised with hydrogen peroxide, and sodium 
aquopentacyanoferrate of violet colour was obtained in reqiured amounts. 

In the following experiments, 0 (X)10 gm of sodium aquopentacyano- 
ferrite was oxidised with hydrogen peroxide The oxidation was qmck, 
and when all the peroxide had decomposed, the aquopentacyanoferrate so 
formed was added to uninsolated nitroprusside solution (0 0100 gm) and 
hydrogen peroxide, both in presence and absence of potassium ferrocyamde. 

Table XX Table XXI 


Without ferrocyamde K^Fe{CN)^~=Q 0660 g/n. 



The concentration of sodium aquopentacyanoferrate in the following 


experiments was 2 5 times the concentration employed above. 

With higher concentrations of ferrocyamde, uniform velocity constants 
were obtained. The following are the results (Table XXIll). 

Table XXII Table XXIU 

X4FeCClV)e“0'0132gm 
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In the above experiments, aquopentacyanoferrate obtained by oxidation 
of aquopentacyanoferrite, according to the reaction 

2 NatFe(CN)g>H,0 + H,0, - 2 NatFe(CN)cHtO + 2 NaOH 

contains alkali It was feared that these traces of alkali might react with 
nitroprusside and vitiate the results It was, therefore, thought necessary 
to prepare pure sodium aquopentacyanoferrate, from sodium mtroprusside, 
caustic soda and bromine according to the method of Hofmann (loc cit.). 
The blue violet powder so obtained was used with uninsolated mtroprusside 
and the following results were obtained The amounts of sodium aquopenta> 
cyanoferrate and sodium mtroprusside in SO cc. of the reaction mixture 
were 0*0010 gm. and 0 0100 gm respectively. 

Table XXIV Table XXV 

Without ferrocyamde KtFe(CN)f=0 0660 gm 



Table XXVI 

Heated ferrate-mtroprusside-ferrocyamde mixture to 90* C, cooled and 
added to KtFe (C^’),»0 0660 gm 



It IS clear that the reaction with a mixture of aquoferrate and nitro* 
prusside is autocatalytic as already seen m the above experiments. 
An excess of ferrocyamde regulates the reaction, and gives considerably 
higher velocity constants. These results show that uninsolated mtroprusside' 
aquopentacyanoferrate mixture qualitatively reproduces the results bbtamed 
with insolated mtroprusside. The effect of heat on the uninsolated nitro- 
prossidc'aquopentacyanoferrate mixture containing feiroeyanidc is shown 
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in Table XXVI. Here also, by heating the above mixture to about 90° C. 
for a few oninutes before adding to hydrogen peroxide, a tremendous fall 
in the velocity of decomposition is observed The mixture to which ferro- 
cyanide is added after heating does not show any fall in its catalytic activity. 
Again, the effect of cyanide ions on the uninsolated nitroprusside-aquopenta- 
cyanoferrate mixture has been observed to be the same as in the case of 
pre>insoIated nitroprusside, namely, a considerable diminution m the velocity 
constants Sodium nitrite, which has been shown to suppress the after- 
effect almost completely, shows the same retarding effect in this case also. 
The details are given in Table XXVII The strength of nitrite was N/100. 

Effect of Alkali on HtOt-Nitroprusside Dark Reaction 

Although the rate of reaction was not measurable in the dark, it was 
observed that the addition of alkali to the mixture causes a rapid 
decomposition of hydrogen peroxide, sinular to that obtained in pre- 
insolated nitroprusside-hydrogen peroxide-ferrocyanide mixture. In the 
following ekpenment (Table XXVIII), 0 0100 gm of sodium nitroprusside 
was used, and the strengths of alkali and hydrogen peroxide were N/200 
and N/10 respectively No ferrocyanide was added 

Table XXVII Table XXVIII 

Treated ferrate-nitroprusside 
mixture with sodium nitrite and 



It IS well known that traces of alkali render hydrogm peroxide extremely 
unstable In order to test the effect of alkali, therefore, a control experi- 
ment was performed using ferrocyanide and sodium hydroxide (0 0660 gm , 
and N/200 respectively) The resulting velocity constants were almost of 
the same order as without alkali, although the reaction was shghtly 
autocatalytic It is, therefore, clear that the amount of alkah employed 
above does not account for a rapid decomposition of hydrogen peroidde, 
observed in the foregoing experiment. The end solution was deep yellow 
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and gave an emerald green colour with p-nitrosodimethylaniline, and a violet 
colour with nitrosobenzene, indicating the formation of sodium aquopenta- 
cyanoferrite The effect of potassium cyanide on the above mixture was 
next investigated to see whether a suppression of the decomposition was 
produced Mixtures (50 cc) of nitropnisside, caustic potash, hydrogen 
peroxide, and potassium ferrocyanide were prepared, in wluch the respective 
strengths were 0 0100 gm , N/200, N/10 and 0 0660 gm The strength 
of KCN was N/50 


Table XXIX Table XXX 

Without potassium cyanide With potassium cyanide 


i 

a-x 

KIO* 


a-x 

KIO* 

0 

14 00 


0 

13 30 


10 

10 40 

129 

5 

12 60 

47 

25 

6*30 

139 

15 

11 60 

40 

38 5 

3 70 

150 

33 

9 85 

40 

50 

2 10 

163 

64 

8 10 

34 




101 


28 




127 

6 40 

25 




160 

5 90 

22 




190 

5*60 

20 


The reaction in presence of ferrocyanide is slightly autocatalytic. When, 
however, N/SO potassium cyanide is used, a tremendous decease in the 
velocity constant is observed and the values show a fallmg off with time. 
The explanation is that sodium aquopentacyanofemte is produced by inter- 
action of alkaline nitroprusside and hydrogen p^oxide (Hofmann, loc ciu). 
The aquopentacynoferrite so formed decomposes hydrogen peroxide at 
a rapid rate. On the addition of potassium cyanide, the following reaction 
takes place.— 

F«(CN),*H,0 " ' + CN' •" P«(CN),' " ' + HiO* 

Aquopentacyanoferrite ions disappear producing ferrocyanide with a 
concomitant decrease in the velocity constant. 

These results are similar to those obtained with pre-insolated nitro- 
prusside-ferrocyanide-cyanide-hydrogen peroxide mixtures, and aquopenta- 
cyanoferrate-uninsolated nitroprusside-ferrocyanide-cyanide-hydrogen per- 
oxide mixtures In view of these observations, the suggestion of Qure^i 
(loc cit) that colloidal Prussian blue, formed by msolation, causes the 
after-effect, seems to be untenable. To examine this point, colloidal Prussian 
blue was prepared m the laboratory by the method of Hofmann, and a d de d 
to hydrogen peroxide both in presence and absence of forocyanide. The 
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amount of Prussian blue (0 0025 gm ) was the same as that of aquopenta- 
cyanoferrate used before. 

Table XXXI Table XXXII 


Without KiFe (CAOe K^Fe (CiVj, - 0 0660 gm. 


/ 

fl- X 

K.IO^ 


n 

K.IO* 

0 

14 80 


0 



66 

14 70 

453 

65 


151 

132 


447 

131 


101 

194 

14 30 

464 

191 


85 

248 

14 45 

419 

247 

■fill 

76 


It is clear that colloidal Prussian blue causes a very slow ummolecular 
decomposition In the presence of ferrocyanide, the velocity constants, 
although higher, show a diminution with time — ^a behaviour different from 
that of aquopentacyanoferrate-ferrocyanide-hydrogen peroxide mixture, or 
pre>insolated nitroprusside-ferrocyanide-hydrogen peroxide mixture It 
appears, therefore, that colloidal Prussian blue does not cause the after-effect. 

The pre-insolated nitroprusside solutions as well as the end solutions 
of hydrogen peroxide-nitroprusside insolated mixtures developed a turbidity 
and showed colloidal particles under the ultramicroscopc. An aqueous 
solution of sodium aquopentacyanoferrate also shows colloidal particles 
The effect of colloidal feme hydroxide was insignificant, mdicating that it 
does not cause the observed after-effect 

Discussion 

Qureshi’s suggestion (loc. cit ) that the photochemical after-effect in the 
above reaction is due to the formation of colloidal Prussian blue has been 
expenmentally found to be untenable The latter is produced when aqueous 
nitroprusside is insolated for a long tune, but the results set out above lead 
to the conclusion that it is not responsible for the after-effect. It is neces- 
sary to mention here that preliminary experiments showed that the blue 
nitroprusside solutions obtamed by prolonged insolation gave erratic results, 
although even in these blue solutions the suggested catalyst, sodium aquo- 
pentacyanoferrate, could be chemically detected. Satisfactory results were, 
however, obtained by employing solutions of mtroprusside which had become 
pale yellowish brown on insolation and in which no blue tmt was noticeable. 
These observations show that in the initial stage of insolation a new sub- 
stance is formed which causes the after-effect, and lon^r exposures lead 
to die formatiem of colloidal Prussian blue The results set out above show 
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that qualitatively the behaviour of pre-insolated nitroprusude, the pre- 
insolated mixture of hydrogen peroxide and nitroprusside, and the end 
solution of pre-insolated mixture of hydrogen peroxide and nitroprusside is 
identical with that of sodium aquopentacyanoferrate and nitroprusside 
mixture in the dark 

A reference to the literature on the action of light on nitroprusside 
shows that the formation of colloidal Prussian blue has been taken to be the 
result of insolation According to Overbeck, sodium nitroprusside decomposes 
slowly in sunlight, yielding NO and Fc,(CN),g The latter corres- 
ponds to Prussian blue, Fc 4 "‘ (Fe"CN,) 3 ’. On the other hand, Justm-Mueller 
(1935) says that when exposed to sunlight in an open vessel, an aqueous 
solution of sodium nitroprusside is decomposed giving NaNOg, HCN and 
Na|Feg(CN), The last named, in the presence of caustic soda, is converted 
into Prussian blue When nitroprusside is exposed to sunlight in a closed 
vessel, nitric oxide is evolved. It has, however, been observed by the present 
author that the initial colour change in a dilute aqueous solution of nitro- 
prusside during insolation, from brownish red to a pale yellowish brown, 
is accompanied by the formation of sodium aquopentacyanoferrate. The 
latter can be identified by several tests This substance is formed within 
5 to 10 minutes when direct sunlight is used A longer exposure produces 
in addition to sodium aquopentacyanoferrate, colloidal Prussian blue. 

The catalyst which causes the after-effect has been found to be sodium 
aquopentacyanoferrate Several tests are available to detect the formation 
of sodium aquopentacyanoferrate in a pre-insolated solution of nitroprusside. 
The latter was mixed with a little dilute aqueous solution of p-nitrosodimethyl- 
aniline, when a yellow solution was obtained. A little ferrocyanide was 
added to this mixture in the dark, when an emerald green colouration at 
once developed This indicates that ferrocyanide converts aquopenta- 
cyanoferrate into aquopentacyanofernte which is known to react with 
p-nitrosodimethylamline giving a green colour (Baudisch, 1921) A green 
colour is also developed in the above mucture when />-mtrosodimethylanilme 
is replaced by dilute sulphuric acid, A direct test for aquopentacyanoferrate 
IS furnished by the starch-iodide reaction. Hofmann {he. cit.) has shown 
that the former liberates iodine from potassium iodide. A pre-insolated 
nitroprusside solution was nuxed with a little iodide and starch, when a 
blue iodide of starch was formed This colour was discharged by thio- 
sulphate Another reagent which shows that the pre-iUuminated pale 
yellowish brown solution of sodium mtroprusside contains some sodiora 
aquopentacyanoferrate is nitrosobenzene. A little aqueous sohition of 
the sparingly soluble mtrosobenzene was mixed in the dark wHh pre-insedated 
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nitroprusside, and then a freshly prepared solution of potassium ferrocyanide 
was added, when a violet colour was immediately formed. This colour is 
given by aquopentacyanoferrite, or aquopentacyanoferrate containing some 
ferrocyanide This reagent gives a clear indication of the presence of aquo* 
pentacyanoferrate m solutions of nitroprusside which have been insohUed 
for 5 to 10 minutes in direct sunlight It is significant that these tests are 
not given by mixtures of pre-insolated nitroprusside and ferrocyanide, which 
have been heated to about 90“ C in the dark for a few minutes before the 
addition of the enumerated reagents An alcohohe solution of guaiacum 
produces a blue colouration with pre-insolated nitroprusside, and the same 
blue colour is formed with sodium aquopentacyanoferrate Unilluminated 
nitroprusside solutions do not give any of these tests, neither does colloidal 
Prussian blue answer them It is thus evident that the mechanism of the 
photochemical after-effect consists in the formation of sodium aquopenta- 
cyanoferrate from sodium nitroprusside in light — 

Liftht 

NaaFe(CN)iNO + HaO >• Na,Fe(CN)aH|0 + NO (1) 

The aquopentacyanoferrate ions cause catalytic decomposition after 
darkening as revealed by the after-effect The autocatalylic nature of the 
decomposition in the after reaction is reproduced in the dark by aquopenta- 
cyanoferrate-uninsolated nitroprusside mixture 

The effect of ferrocyanide in regulating the reaction and producing a 
high velocity of decomposition follows from the following scheme — 

FatCNlaHaO" + Fe{CN),"" Fa(CN),H,0 " + F.1CN),'" (M) 

Highly reactive aquopentacyanoferrite is produced by interaction of ferro- 
cyanide and aquopentacyanoferrate contained in pre-insolated nitroprusside. 
In presence of an excess of ferrocyanide, the amount of aquopentacyanoferrite 
is kept constant and at a high level, to an extent depending upon the con- 
centration of the former From this it is clear why a uniformly high velocity 
is obtained m the presence of an excess of ferrocyamde When smaller 
amounts of ferrocyanide are used, the velocity constants show a falling off 
with the progress of the reaction, as the former ions are gradually oxidised, 
and the equilibrium reaction shifts to the left with a decrease in the con- 
centration of aquopentacyanoferrite ions. It is clear why ferricyanide is 
not effective in maintaining a rapid rate of decomposition. 

Sodium aquopentacyanoferrate is comparatively stable towards heat, 
whereas sodium aquopentacyanoferrite undergoes a slow spontaneous diange 
in the dark at room temperature. This change is considerably accelerated 
by heat. This explains why pre-insolated nitroprusside, heated and added 
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to hydrogen peroxide, does not show lowered reactivity When a mixture 
of pre>insolated nitroprusside and ferrocyamde is heated to about 90° C. 
for a few minutes and then added to hydrogen peroxide, the 
activity is noticed to dimmish considerably, because of the destruction of 
aquopentacyanoferntc The same change continues slowly in the dark, 
and hence a mixture of pre-insolated nitroprusside and ferrocyamde, kq>t 
in the dark for some hours before use, shows a lower rate of decomposition 
than a freshly prepared mixture. 

The effect of cyanide ions in suppressing the photochemical after-effect 
as well as the reaction performed in presence of aquopentacyanoferrate lends 
support to the mechanism of the photochemical after-effect outlined above. 
This ‘ quenching ’ effect of cyanide ions is due to the conversion of aquo- 
pentacyanoferrate to ferncyamde — 

Fe(CN),IIjO" + CN' -> Fe(CNV ' + H,0 aiD 

The excess of cyanide ions react with fcrricyanide ions to give ferrocyamde 
ions in the end The slightly autocatalytic effect noticed in experiments with 
potassium cyanide is due to the alkali produced by hydrolysis 

When ferrocyanide is first added to pre-insolated nitroprusside, the 
formation of aquopentacyanoferrite takes place This is converted by 
cyanide ions to ftrrocyanide ions — 

F*(CN),H,0 ' + CN' Fe(CN),"" + H,0 (IV) 

The effect of sodium nitnte in suppressing the catalytic activity of the pre- 
insolated solutions of nitroprusside is to be attributed to the formation of 
nitroprusside by the interaction of nitrite and aquopentacyanoferrite 
(Hofmann, loc at ) The latter is formed when ferrocyamde reacts with 
aquopentacyanoferrate according to (11). Aquopentacynofemte reacts with 
nitrite as follows* — 

N«|Fe(CN)*H,0 + NaNt^ Na«F«(CN)(NOt + H|0. 

When nitrite is added to pre-insolated nitroprusside, which has been shown 
to contain aquopentacyanoferrate, the followmg reaction takes place. 

a NaiFa(CN),H|0 + S NaNOi + 8 NaOH •• 8 Na«Fe(CN kNOi + NaNOa + 8 H*0‘ 

The quaternary nitroprusside is produced in each case, and as it does not 
decompose hydrogen peroxide in the dark with a high rate, the photochmnical 
after-effect is ‘quenched* by nitrite It has been seen that aquopenta- 
cyanoferrate or aquopentacyanoferrite reacts vdth nitnte and the resultant 
solution gives a purple colour with alkali sulphides showing the conversion 
of the two substances into nitroprusside. The nitrite-treated i»'e*in8olated 
nitroprusside, containing ferrocyamde, or aquopentacyanoferrite after 
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treatment with nitrite does not give the charactenstic colour tests mentioned 
previously, showing the complete conversion of aquopentacyanoferrate and 
aquopentacyanofemte into nitropr-usside 

Hofmann (/oc at) has shown that aquopentacyanofemte is fmrmed 
when alkaline nitroprusside reacts with hydrogen peroxide That the addi- 
tion of alkali to hydrogen pcroxide-uninsolated nitroprusside mixture in 
the presence of ferrocyanide reproduces the photochemical after-elFect quali- 
tatively in the dark, and further that the cyanide ions suppress this activity, 
show that aquopentacyanoferrate causes the after-effect This furnishes 
further evidence in support of the mechanism involving the photo-formation 
of aquopentacyanoferrate from nitroprusside 

The author desires to express his best thanks to Prof P S MacMahon 
for hts kind interest in the work His thanks are also due to the Lucknow 
University for the grant of a research fellowship which enabled him to 
carry out this investigation. 

Summary 

The photochemical after-effect in the reaction between hydrogen per- 
oxide and sodium nitroprusside is due to the photo-formation of sodi um 
aquopentacyanoferrate The formation of aquopentacyanoferrate in pre- 
insotated nitroprusside solution has been proved by qualitative tests Col- 
loidal Prussian blue does not cause the after-effect 

Pre-insolated nitroprusside continues to react in the dark in the manner 
indicated by the after-effect. Addition of ferrocyanide causes the reduction 
of aquopentacyanoferrate to aquopentacyanofemte, which decomposes 
hydrogen peroxide with a high velocity The validity of the suggested 
mechanism for the after reaction has been tested by the effect of potassium 
cyanide and sodium nitrite, which have been shown to suppress the after- 
effect by converting aquopentacyanoferrate to ferrocyanide and nitroprusside 
respectively. Sodium aquopentacyanoferrate, prepared in the laboratory and 
add ed to hydrogen peroxide-uninsolated nitroprusside mixture m the dark 
in presence and absence of ferrocyanide, has been shown to reproduce the 
observations obtained by insolation. 
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The Ideal Theory of the Distributive Lattice and Boolean Rings was initia- 
ated by A Tarski* and developed by M H Stonef who in one of his papers 
points out that Tarski’s * Deductive Systems ’ are in fact identical with the 
additive ideals m the Boolean Algebra of propositions. 

In this paper a more detailed study of Ideal Theory of the Boolean 
Algebra is made with the special object of elucidating the series of concepts 
and theorems which Tarski advances without proof in his paper * My 
treatment of the above involves some new ideas (like Boolean^complementsf 
of ideals) and in the proofs I make use of the concepts * Comprincipal Ideals * 
and ' Cut-Complements ’ which have been introduced by Dr Vaidyanatha- 
8 wamy§ in a recent paper Thus, the present paiwr which is devoted to a rapid 
survey of Ideal Theory in a distributive lattice and in a boolean algebra, it 
18 shown that the notion of the product-complement can be expressed in terms 
of the Cut-complement and boolean-complement A continuation of this paper 
will deal with the application of ideal theory to deductive systems and show 
incidentally that Tarski’s observation that even though the original 
calculus of propositions may be boolean in nature, yet the structure of 
deductive systems in that calculus departs from the classical type and 
conforms to that of Intuitionistic Logic, follows from the fact that die 
negation*|[ of deductive systems corresponds to the product-complement m 
a distributive lattice whereas the negation of a proposition corresponds to 
its boolean complement. 

* See A Tanki, Bibliography 

t M. H Stone (I) See also M H Stone (2). Bibillography 

} We notice that these booleaa-complements are different bom the Oitho<omplcmentt of 
M. H Stme (tee M H Stone 3) which are sunidy prodiiet*conipleinentt in a boolean nng. 

I R Vaidyanathaswamy Bibliography 

1 take this opportunity of expressing my indebicdnees to the departmental leeturee on 
“ Lattice Theory " recently delivered by Dr. ValdyaoaUiaswamy (Universi^ of Madras). 

H See A Tarski. Bibillography. 
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Ideal Theory in Boolean Algebra 

1. Ideals In a Distributive Lattice L with 0 and 1 

D^nition 1 An a-ideal (Aa) is defined as a set of elements of L such 
that (1) X ytA„ whenever x«Ag, yeA^ (we read X'y u in A^ whenever x, y 
belong to AJ ; (2) x +zeA. whenever xcA«. seL or alternatively if xcA* 
then all elements > x are m A«. 

Definition 2 A n-ideal (A^) is a set of elements such that (1) x +ycA^ 
whenever xeA^, y*\, (2) x*zeA^ whenever xcA^, z*L or alternatively if 
x«A^, then all elements <x are in A^. 

D^nition 3 If x, y be any two elements of L, then the set of elements 
> X IS easily seen to be an a-ideal which we call the principal a-ideal defined 
by X [denoted by (x)], while the set of elements <y is the prmapal p-ideal 
Pn Cv) d^ned by y 

Theorem 1 The a-ideal (ji-ideal*) generated by any sub-set S in L 
(in other words the smallest a-ideal (p-tdeal) containing S) is the set of elements 
Sa (Sfi) greater than some finite product, say S, S, Sjt S^, (less them sonu 
finite sum, say S,+S,+Sji+ - +S„) of the elements of the given set S. 

For, in the first place it is clear that all such elements constitute an 
a-ideal 8a Next by def 1 since any a-ideal A which contains must 
also contain every finite product S, S; of elements of S« and 

therefore also any element greater than such a finite product, it follows 
A >Sa or Sa IS the smallest a-ideal which contains S (Clearly every a-ideal 
contains 1 and every /i-ideal contains 0 ) 

Definition 4 The sum of a family of a-ideals (/t-ideals) is defined as tne 
opideal (/t* ideal) generated by their set>sum 

Theorem 2 The sum of a family {A, B, C, “) of a-ideols (p-ldeids) 
IS identical with the set of finite products (sums) of elements chosen one 
from each of the several a-ideals (prideals) 

For, {A, B, C, •} being a family of a-ideals, every fimte product of 
elements chosen from A, B, C, * » evidently > than itself and thmcfote 
belongs to the ideal generated by S »{A, B, C. * }. On the other hand, 
every element t or of the ideal generated by S =* (A, B, C, * ) can be 
expressed as such as product; for since Theorem 1, t>Xi’Xg ’x^f (where 
each X belongs to some A) we have /=H-Xi X,'- x»,«jr(/-|-xi) by flie 
distributive law Hence since t-h x, belongs to the same a-ideal as x, it 


* of wonb within brackets sive dual theorems for ft-ideals As the prooft of 

the letter el« eMctly ninilar to the theorems for o-ideah, we prove only the former. In fenend, 
we shall denote «<Ueals by eapital letters, the suffixes beinf used onlv when required to distinguish 
them ftom ^Mdeais. The letter P is used to denote prineipal ideab. 
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follows that any element t of S can be repressed as a finite product of 
elements chosen from the a-ideals A, B, C, Hence the theorem 

Theorem 3 The set K of the common elements of a family {A, B,C," ’} 

of orideals (ji-ideals) ts an a-ideal (ji-ideat). 

(N B ->Ka IS not null since it contains 1) 

The proof immediately follows from def 1 and 2 Thus if ki, be 
common elements of A, B, C, then k^ is also a common element and 
therefore belongs to Again, any element > ki is also an element of each 

of the ideals A, B, C, and hence of K«|. Hence by def 1, the set K is 
an a-ideal We call K the product of the family of a-ideals (ft-ideals) 

Theorem 4 The product of two a-ideab (p-tdeals) is identical with the 
set of sums (products) of pairs of elements chosen from the two orideals 
(prideals) respectively 

For, if A, B be two a>ideals, then every sum of elements chosen from 
A, B respectively is a common element of the two ideals, also if r is a 
common element, then since teA, teB, t~t+t and thus every common 
element of A, B can be expressed as a sum of elements chosen from them 
Hence the theorem. 

Corollary The product of any family of a<ideals O^'ideak) is dm set of 
existing sums (products) of the elements chosen one from each of the 
a*ideals O^-ideals) 

(N B —The product is non-null since it contains 0) 

For, every such existing sum is evidently a common element of the 
family of o-ideals Conversely, if t be a common element, then it can be 
expressed as the sum ((+ t+* *) of elnnents chosen from them 

It may be noticed that when the ideals are principal the sum and product 
(which we have defined) of a finite* number of the a- (^-) ideals conforms to 
the lattice-sum and the lattice-product of die elements determinmg them, 
thus.— 

P. W+ P.(y)+ P. (2)+ • • + P. (k)- P. (xyz- • k) 
PmW+PmO')+PmW+ +B^(k)^B^(x+y+z+ 

P.W’PeW'PaCj^) P«(A:)«P«(jc+;'-|-z-l-‘ + Ar) 

PmW-PmO') PmW • •' P^(A:)-P^(xr^- -Ar). 

* Even when the inSmte product a, A, c exnteand i- A.ttle not neoeiianr thatthenim 
(which elwiurt mUu by theorem 6) of the pnncipel e-idenls P« (fi), P. etc . ihoutd be- P« (k); 
for if such were the ctM, then any convergent ideal would be prind^— whidi ie incomet (eae 
Tteocm 29) 
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It is easily seen that an ideal A is the sum of dtt the prbicipal Uktds eon* 
tained in A. For, if ^ be the sum of all Ae pnorapal ideals contained in 
A, It IS clear that A> But if xeA, then P (x) <A by hypothesis and there- 
fore P (x) <<(> Hence x is contained m ^ and therefore any element of 
A IS contained m i e , A <^. Hence A — ^ 

2 1 Structure of the set of a- and ft-itkals in L 

The totality of the a* and ju*ideals form partially ordered ^t«ns L«, 
Lj, respectively under the ordering relation of ‘ set-inclusion ’ (<) which 
IS reflexive, transitive and binary As noticed before for sums and products, 
this ordering relation conforms to that in L when the ideals are pnncipal. 
Thus P« (x)> Pa Cv) and P^ (x) <P^ (y) when and only when x <y. The 
structure of the sets of a- and /x-ideals in L is seen from the following 
theorems (vir., Theorems 6, 7, 11) 

Theorem 6 Lq, are complete lattices, i.e., lattices in which unres- 
tricted products and sums exist 

For, we have shown (Theorems 2, 4) that the sum (product) of a family 
of ideals is the smallest ideal which contains every ideal of the family (the 
largest ideal contained in every ideal); therefore the sums and products of 
any family of ideals which we have defined are lattice-sums and lattice- 
products respectively (The 0 of La and is the a-ideal constituted by the 
element 1 and the /i-ideal constituted by the element 0 respectively, while 
in both cases, 1 is the whole lattice which is an a- as well as a /it-ideal )* 

Theorem 7 !«, are complete lattices with completely distributive 

sums 

Proof Let A, (where i is an ordmal varying over all ordinals < a 
fixed ordinal y) be a fanuly of a-ideals in L. Then clearly, A 27A,> A, 
so that we have only to show that A £A,<SA A,, i.e , to show that any 
element of / is an element of the r s Now (by Theorem 4) the general 
element of the / s is a sum of an element x of A and an element of 2A,, 
t.e , it 18 of the form x+ yi y* y«w.--where the/s are elonents of the 
different A’s, tiiis by the distributive law «(x+yi) (x+y,)--(x+y,a) 
and since (by Theorem 4) the sums x+ y, belong to the products A* A^, the 
finite product 77 (x+ y,) is (by Theorem 4) anelemmit of BA'A, Hence 
the theorem 


* Wt nouee thst idien 0 oceun in an e<p»tton containing iMdeab It nwam the Mdaal 
conitltttted by the element 1 only, while the O oceufriog m an ej^nmoo coBMiting of f(4deaia 
is the ideal eonatituted by 0 only. 
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Corollary. All finite sums are distributive and hence* all finite pro- 
ducts are distnbutive so that La, are distnbutive lattices which are com- 
plete and possess completely distributive sums. 

2 2 Product-Complements^ m a Distributive Lattice L with 0 and 1 

Dtfimtion 5 The product-complement (sum-complement) of an element 
a IS defined as an element a' such that a a' — 0 (a+ a'= 1) and for all x, 
ax»0. 3 x<a'(a+x-=l o ' x> o') 

[If the product-complement (sum-cmnplement) exists, it is necessarily 
umque] 

Follow some important properties of product-complements 

Theorem 8. a <b implies A'> B' 

For, since b b'-O and a <b, a b'<b-b‘=^0 or a b' = 0 whence (by 
def. 5) i'<o' or a’> b\ 

Theorem 9 (/) A <A''; (ii) a"‘ = a\ 

(i) Since a a' = 0, a <a*. 

Ill) Substituting a' for a in (i) we have a'<a'"; agam, putting 6= a' 
in Theorem 8, we obtain o"'> o' so that a'"= o' 

Theorem 10 IfSsL exists, then ne! exists and » (Ta)'. 

For, since Sa> a, (2'o)'<o' (from Theorem 8) for every o m the sum; 
but if an element is < any o', it must be < the product-complement of the 
totality of the o’s, le, <(Say. For, let x<o'; then (from Theorem 
8, 9(i) respectively) x'> o''> o so that x'>o Hence, x‘>Sa implies 
x‘'<(i:'o)' which together with x <x* implies x <(i!'a)' llierefore (So)' is 
by def. 5 the product /7a' 

(When there are only two elements, (a+b)'=o' h'). 

W.: remark the dual of the above property, viz , if Ua exists, then Ha' 
exists and (/7a)' is not true for the genwal lattice but can be ^own to 
be valid when L becomes a boolean algebra B 

Theorem 11. Each element of a congilete lattice (m particular or Lf) 
with aimpletely distributive sums possesses a product-complement. 


* However m a complete lattice the distributivity of ioEnite prodiiote do not fellow turn 
the distnbutlvity of all lumi See H M MacNedto Bibbogiaphy. 

t For a more detailed treatment of prodDot«om|lleineat, Simple and Nonnal elemeats ia 
a dietributive lattice, see MacNeiUe (Bibliography, or my paper entitled *' On the Formal 
Structure of the Propositional Calculus— I,” to appear diottly m the Jemtet ef the Imikm 
Maihemiteal Sochty, 
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Proof, For, since the product and sum of all elonents (n^tich exists 
by the hypothesis that the lattice is complete) are 0 and 1 of die lattme, 
it is clear that a complete lattice contains bodi 0 and 1 Now, the set 

of all elements x such that a is not null (since 0 is such an 
element) and the sum a* — Sx of all such elements exists since the lattice is 
complete, this sum being distributive by hypothesis, a a'Sx^ Sa'X== 0. 
Purser (by def 5), since a’ is the sum of all the x‘s m question, a*x==0 
implies X <a' Thus a' is the product-conqilement of a. 

It follows that in particular (by Theorems 6, 7) every a> or ft-ideal 
in a distributive lattice L has a product*complement which is an a- or 
jit-ideal respectively. 

When the ideals are principal, we have 

Theorem 12 //* a, a' are sum-complements (product-complements) m 

L, then the principal a-ideals {jju-ideals) defmed by a, a' are product-comple- 
ments in La and the converse. 

For, let a, a' be sum-complements m L so diat P, (a) x (d ) » 
Po {a 4 a') = Pa (1) - 0 Again if X is an arbitrary a-ideal, sudi that X P* 
(a) 0, then for every element x*X, a-f 1 TTius (by definition of sum- 

complements) x> a' Therefore xeP. (a*) Since this is true for every 
element x, X <P« (a*) so that P« (a') is the product-complement of P. (o) 

2*3. Simple and Normal Elements In L 

In a lattice in which every element a has a product-complement a\ 
we have the following* 

Definition 6 The element a u said to be normal if a’ » a and it is said 
to be simple if a + a' =1 

Theorem 13. Every simple element in Lis a nomud element 

For, if a is simple, then a+a’^ 1 so that fl*=o'*(c-l-«)-o*a* or 
d<ai but since <i*> a, we have a*’^ a 

Theorem 14. Sums, products and product-complements of simple ele- 
ments are simple', (f a, h are simple, then (o by» d+ b\ 

(The proofs are immediate by simple algebraic mampulations.) 

Theorem 15. The set of normal elenmts is identical with the set of 
produet-complements. 

For, if a» a" then a is die product-conplonent of d; and if b' is die 
product-complement of b, then b' « b'" » (b*)* so that any prodnct-oomple- 
ment is normal. 
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T^rem 16 a IS normal if and only if a'<b implies 8> h’ for «// 
b or a'<b' implies a> b for all b. 

For, if a= a", then a'<b implies a'> b' \duch implies a> V , again 
a'<b' implies a' > b" which implies a>b 

If a+o', on putting b^a\ b^ a" reflectively, the implications are seen 
to be false. 

Theorem 17 (a^b)' is the smallest normal ideal atntairdng a' md b'. 

For, if a’=b' then a x-= 0 implies and is implied by b x=0 and vice 
versa Hence since x is arbitrary, ac 0 implies and is implied by hc'X^ 0 
whence we have (ac)' = (he)' So that a' = h' implies (ac)' = (be)' Next 
if o' =s b', c' = d', then clearly (ac)' — (be)' — (bd)'. Therefore smee a' = o'", 
b' = h'", we have (ab)' = (o' b")' — (o' + h*)' But (o' + b')" is a normal 
element > o' and > b' , and if n is a normal element > o' and > h' then 
n must be > than o' + b' so that n — n*> (o' + bf Hence, (a b)' is the 
smallest normal element contaimng o' and b' 

3 0 The Theory of a- and n-ideals in a Boolean Algebra 

We next proceed to study the nature of the lattices B^, B|, when the 
distributive lattice L becomes a boolean algebra B The conditions for 
a distributive lattice L to be a boolean algebra B are (1) every element 
o possesses o product-complement* o', (2) every element is simple and there- 
fore normal (consequently both the equations (o-hh)'=>o''h' and (a b)' 
« o' + h' are valid in B) Therefore, die boolean complement o' of o is 
both the sum and product-complement of o so that the pnncipal ideals 
Pa (fl). Pa (a'). [(P^ (a). Pm («')] are product-complements m Ba (B^. (See 
Theorem 12 ) 

Definition 7 An ideal A in the lattice of ideals is said to be neutral 
if (A) IS distributed by every product 

Definition 8. The intersection of any family of pnncipal ideals is called 
a comprmc^al ideal f 

The characteristic features of the ideal theory of B as contrasted widi 
that of the general distributive lattice L are three, namely. 


* From Theorem II, evidently Ba, neceseanly ponees produet-oomiilemeiitt. 

t ThU concept and that of the cutoomplement (lee Theorem 22) defined for partially ordered 
leti by Dr Vaidyanathaswomy, ate equally valid for distributive lattioei and hence also for 
boolean alaebras 
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(1) *The set of simple ideals is identical with the set of *prinapal ideals 
(Theorem 19). 

(2) *The set of normal ideals is identical with the set of compmcipal 
ideals (Theorem 25) 

(3) The set of prmcipal ideals is identical with the set of neutral ideals 
(Theorems 26, 27) 

3 ■ 1 Boolean Complements, Simple and Prmapal Ideals 

Theorem 18 The set A of (boolean) corrfplements of elements of an 
a-ideal A (p-ideal A) constitutes a p-tdeal (a-ideaf) which we call the boolean- 
complement of the ideal A 

For, if X, be two elements of an a-ideal (A^) and x', y their boolean 
complements, then since B is a boolean algebra, x' + y — (x'y)' But since 

JC‘j'eA«, x' + y~ (x y)' eA Further if k <x' then k‘> jc'> x and therefore 

k't\ Hence, k'=k" (<;«') «A, so that A is a ii«-ideal 

SB « ^ 

Corollary (i) A = A , A == A 

The relation between an ideal A and its boolean-complement A is 
obviously a symmetrical one since each consists of the boolean-complements 

of all the elements of the other Therefore, A « X And since A \ X = X. 
Corollary (//) ¥^) = (o') , 1*^ (a ) » P, (o') 

Corollary (iii) ZS - TA , i7X - iTX 

Proof. We assume the A’s to be a-ideals so that their booleancomple- 
ments A’s are ju-ideals. Now, the general element of Sk (IJA) is the boolean 
complement of an element of SAilJA) which element (by Theorems 2, 4) 
IS a finite product (sum) of elements chosen from the A’s Therefore, the 
general element of HA (JfA) is the booleanconqilement of a finite product 
(sum) of elements chosen from the A’s, i e , it is a finite sum (product) 
of (he boolean-complements of elements belongmg to the A’s so that the 
general element of SA (ITA) belongs to BA (BA). Conversely, it can be 


* M H Stone's chemeterisations of totally additive and totally multiplicative bodean rings 
[see M H Stone (3)] may be easily derived from these theorems Thus a totally additive boolean 
ring must have a umt and is therefore a boolean algebra, and (by Theorem 7) must also be 
totally mulbplicatiye Hence, the comprincipal ideals reduce to principal ideals and therefore the 
normal ideals are identical with principal ideate — which is Stone’s characterisation 

Again, a totally multiplicative boolean nng can by adjoimng a umt [see M H Stone (})] 
be made into a complete boolean algebra and thwefore it is easy to deduce Stone’s theorem, 
||(^, ** prineipal ideals comdde with normal idods ” 
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proved m the same way that any element of SK (UX) is an element of 
HA (HA) and hence the corollary 

Theorem 19. The set of simple ideals m B is Ukntuud with the set of 
principal ideals 

Proof Considering a*ideals, we prove first that every principal ideal 
is simple If a, a' are boolean-complements (by Theorem 12), Pa(n), 
Pa (<*0 ar® product-complements and P (a)+ P(fl') — P(ax a')= * 

Hence any principal ideal Pa (a) is simple Conversely, to prove that any 
simple ideal of B is principal, let A be a simple or-ideal and A' its product- 
complement so that A -I- A' — 1 This implies that any element of the lattice 
can be expressed as a product of elements chosen from A, A', therefore 
there exist xeA, yeA! such that Ifzbean arbitrary element of 

A, then (by def 5), z+y=l for all yeA' Hence z-l-0= z-l- x*y 
— (z+x) (z+ y) — z+ X (since ^-l-y=l), ie., z> x. Since llus is true 
for any element z of A, A is the principal a-ideal defimed by x. 

This theorem can be generalised as follows : 

Theorem 20 If M, N are two ideals such that M+ N, M-N are 
principal, then M, N are principal 

Proof. Suppose M, N are o-ideals and let M-i- N = P (a), M N=P(b). 
It is show 1 first that there exist elements x, y; xcM, yeN such that x y = a, 
x+y=b Now, (by theorems 2, 4) there exist fa in M, ^ stich 

that (iiji—a, ii+vz—b. Then, o and 

<(f»+ b. But since fifa'M, (by Theorems 2, 4), fifa (n); 

(b) so that fi fj i?i’j 2 =o; fif*+»iiija== b Thus there exist 
■*“ tn M, y— w N such that x-y—a, x+y=b. Now, if r be 
an arbitrary clement of M, then since t> a, t= t+ a= t+ x’y=(t+ x) 
(t+y) But since y <(x-+-y)=b, (r+y)<(r+b); also since t+y is an 
element of M'N=P(b), t-hy>b and agam, t+y>t. Therefore, t+y 
>=t+b. Hence, /+ y— t-f b= t+ (x-4-y)> r-f x, whence /=(r-i-x) 
(t+y)= t-f X or t> X Since this is true for any donent t of M it follows 
that M is the principal a-ideal defined by x. In the same way, we can 
show that N is the principal a-ideal defined by y. 

3 ’2. Comprincipal Ideals and Cut-Complements 

Theorem 21. A comprincipal ideal A is the intersection of aU tlw 
principal ideals containing it 

For, let the comprincipal ideal A be the intersection of a family (P^ 
of principal ideals Also, let the intersectimi of all the principal id^ 
containing A be A'. We have to show that A=» A'. Clearly, A'> A and 
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since A' 77 (P^) X the product of other principal ideals containing A, we 
have A'</7(P,)= A. Thus the theorem is proved. 

D^nition 9 Given an ideal A, the compnncipal envelope of A is 
defined as the intersection of all principal ideals containing A 

Corollary (i) The compnncipal envelope of A is the smallest corn- 
principal ideal containing A. 

For, a compnncipal ideal K contai&ing A must be the intersection of 
a family of principal ideals containing A and hence must contain the com- 
pnncipal envelope of A which is the intersection of all principal ideals con- 
taining A 

As a consequence of definition (9) and corollary (i). Theorem 21 can be 
re-stated as follows 

Corollary (ii). A compnncipal ideal is its own compnncipal envelope 

Theorem 22 The set of all elements < (>) than every element 
of an a-ideal A (p-ideal A) is a compnncipal pHdeal (a-ideal) which we call 
the cut-complement of A 

For, if xeAe, yeAe then obviously x+y«A, and x k <x is also in A, 
Thus Af IS a /it-ideal Further, A, is compnncipal because it is clearly the 
intersection of the pnncipal ^-ideals defined by the elements of A 

Corollary (i) (A,), - A,^ is the compnncipal envelope of A 

Since Aff is the cut-complement of Ar it ts compnncipal, further (A 
b eing an a-ideal) A^^ being the cut-complement of A,, it is the intersection of 
all the principal a-ideals defined by elements of A, But these are precisely 
the principai a-ideals which contain A Hence Aee is the intersection of all 
the pnncipal a-ideals containing A, / e , it is the comprmcipal envelope of A. 

Corollary (ii). A« » A if and only if A is comprmcipal 

The first part is cor. (li) of Theorem 21 As for the converse, we have 
only to observe that if A is not compnncipal, then it cannot be equal to the 
comprincipal ideal Ate 

Corollary (in). Am,»A« or the cut-complonent of the comprincipal 
envelope of A is identical w th the cut-complement of A. 

Putting A* A^ in (ii), we get Attt as the compnncipal envelope of A,. 
But Ac, as the cut-complement of A is comprincipal Therefore (by u), 

Tneorsm 23.* UAe^ 


* Hw dual of this tbeonm, fflunely, -(/7 av*.7Ac cannot be proved by dua method and 
ia not Inie, we can only ahow that (JJA)( > SAf, 
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If the A's are a-ideals so that A,’s are ffc-ideals, any dement of the 
product nAf< every element of A, every element of B,*** and hmce < 
every element of SA, so that we have /7Af< (rA)^. Similarly, any element 
of (2A)f < all elements of (SA) and therefore < every element of A, 
every element of B, etc. Hence, (SA)e<nAt so that (2!A)t‘= tlAt. 

3 3 Relation between the Cut-complement, Boolean-con^lement and Product- 
complement 

We have defined so far, three operations on ideals in B, viz , boolean- 
complement, cut-complement and product-complement, the first two change 
the species of ideals (t e , a-ideals to (t-ideais and vice versa) while the last 
preserves the species 

The connection between these three operations can be stated thus 

Theorem 24 The product-complement of an ideal is the cut-atmplement 
of its boolean-complement as well as the boolean-con^lement of its cut-com- 
plement [in Symbols, A' — (a)c = {A^) ] 

Proof Let A be an a-ideal, A its boolean-complement and (A), the 
cut-complement of A We have to show that (1) if xeA, yt (A)„ x+y — I 
and (2) if A X = 0 then X < (A), To prove (1), if x' be Ac boolean- 
complement of X (cA) then x'cA and if ye(A)f, Aen y> every element of 
A so that in particular y> x' Therefore, ;^+x>x-t-x'— 1, hence :i-jry—l 
for all X in A and all y in (A)^ and Aerefore A (A)f =» 0 Next to prove 
(2), if A X= 0 and xeX, Aen for all j»eA, x+y — 1 or x> y' for all yeA. 
But as y varies in A, y' ranges over all elements of A. Therefore xe (A)^ 
Since xcX is arbitrary, this shows X < (A^ Thus (A)« is the product- 
complement of A 

We complete the proof of the theorem by showing that Ae boolean- 
complement of the cut-complement of A is identical with Ae cut-comple- 
ment of the boolean-complement of A [/ e , (A),] For, Ae proposi- 

tion yc(A);a! the proposition (x){xcA,3 'y>x'} And Ae inrpposition 
ye (A,) » the proposition y'eA^ s (x) {xeA’ s * /< x). But since the pro- 
position y> x' a the proposition y'<x, Ae above two statements are logic- 
ally equivalent and therefore we have ==> (A),. 

Corollary (i) Every product-complement is compnnoipal and con- 
versely every comprincipal ideal is the {woduct-comidement of smne ideal. 

For, since Theorem 24 exhibits the product-complement of an ideal 
as the cut-complement of its boolean-complnnent, it follows (by Theorem 
22) that all product-complements are comprincipal. Cbnverse/y, if an ideal 
M is comprincipal, it is Ae cut-complement of some ideal A (m particular. 
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by Theorem 22 we can take A=Mf) so that 0^ Theorem 18, cor. 1), 
A,«> »= the product-complement of the ideal K by Theorem 24. 

Corollary (v)* (EA)' = TIA.' 

For, {EAy^iSK), = (i^A), = /7(A), = /7A' (by Theorem 24. cor. (iii) 
of Theorem 18, Theorem 23 and Theorem 24 respectively) 

Corollary (lii). The product of any number of normal elements is normal. 

Theorem 25 The set of normal tdeals is identical with the set of com- 
principal ideals 

Proof We have already seen (Theorem 15) that in Bg or the set of 
normal elements is identical with the set of product-complements, these 
product-complements (by cor (i). Theorem 24) are identical with the set of 
comprincipal ideals Hence the set of normal ideals is identical with the 
set of comprincipal ideal 

Corollary A* is the comprincipal envelope of A 

Now, A* IS known to be the smallest normal ideal contaimng A (or 
the normal envelope of A) , for, in the first place. A' is a product-comple- 
ment and therefore normal And if X be a normal ideal containmg A, 
then X'<A' so that X= X*> A', therefore. A' is the smallest comprmcipal 
ideal containing A, i.e , (by cor (i) of Theorem 21) it is the comprincipal 
envelope of A 

3*4. Neutral Ideals 

Theorem 26 Principal Ideals are neutral. 

Proof We have to show that if P (x) is a pnncipal a-ideal and (A) 
any family of o-ideals of which A is a typical member, then 

P(x)+ /7(A)- /7(P(x)-»-A) 

Lemma We first prove that P (x)-l- Y is identical with the set of ele- 
ments t such that (t+ x') tY For, let x'-l- r<Y Then since /-l-x«P(x') 
and (t + x') «y by hypothesis, it follows that r — (/ + x) (r 4- x') c (P (x) +Y) 
Conversely, if teP(x)-l-Y then (by Theorem 2), /-x,ai where Xi(>x) 
*P (x) and flicY , therefore, t -t- x' - XiOi + x’ =-{x' + a^ (x" + xd^ x^+ Ot 
(smee x'+ Xj> x+ x'- 1) «Y Thus P(x)+ Y is the set of all elements 
t sudi that (t+ x') tY. 

Hence it follows by putting Y — /7 (A) m the lemma, that P (x) + 77 (A) 
IS the set S (0 of all elements t such that (r-f xO c/7A Therefore this set 
S (0 is the set’product (and therefore the ideal-product) of the sets (l), 


* TIm dull mutt, Wt., tfl A)'«2? A' esoaot be obtsioed forthereMemem i e ie ed m the 
f.a. wider Theeiew 23. 
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Sb 0),- * * where (0 is the set of elements t such that (t+ xO cA, so that 
by the lemma S^CO is identical with the ideal P(x)+ A Similarly Sb(0 
IS identical with P(x) + B; etc Hence, P(x)+ n(A)— 77(P(jc)+ A) 

Theorem 27 Neutral Ideals are principal 

Proof, To prove this, it is sufficient to show that if A is not principal, 
then there exists one product which does not distribute it 

Now, any ideal A is the sum of all the principal ideals (P (x), xcA) 
contained in it so that (by cor (ii) Theorem 24) A'=> /7P(x') Hence, 
A+ i7P (x') — A+ A'+ 1 (by Theorem 19). But smee A> P (x), [A+P ex')] 
> [P(x)+P(x')] which -1 Hence, 77 [A+ P(x')]= 1+A+ HP (x*). 
Thus the product UP (x') does not distribute A, hence the theorem 

The following theorem is a consequence of the above two results 

Theorem 28 A + D is normal for all normal ideals D if and only if A 
IS prmcipal 

Proof First let A be princiapl Then since (by Theorems 25, 26. 27 
respectively) every normal ideal D is comprincipal (and therefore =a product 
nP of principal ideals) and every principal ideal is neutral, we have A+ D 
— A+ 77P= i7(A+ P) which being the product of prmcipal ideals A+P, 
IS comprincipal, and therefore (by Theorem 25) normal; so that A+ D 
IS normal for all normal ideals D Conversely, if A is not prmcipd, we can 
find normal ideals D such that A + D is not normal; e.g, since A is not 
principal (by Theorem 19) it cannot be sunple so that A+A'^i*! But 
(A+AT^^l Hence A+A' is not normal even though A' is normal 

3 5 Convergent Ideals 

Definition 10 An a-ideal Oi-ideal) is said to be convergent if the 
product (sum) of all its elements exists 

Theorem 29 • An ideal A is convergent If and only if any one of the 
following conditions is satisfied 

(i) At IS principal 

(ii) A is convergent 

(iii) A' IS principal, 

(iv) A" IS prmcipal 

(v) The comprincipal envelope of A is principal 

(vi) A' + D' - (A • D)' for every ideal D. 

(vii) + 7)* as (i4 + D)" for every ideal D 


* Thu theonm ad verbattm eormpondt to $stz 26 of TatiU's (ms A. Tankl). 
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Proof. As usual, we prove the theorem for a-ideals. 

(0 If A be a convergent a<ideal, A^ its cut'Kximplement and if the 
product of all its elements (which exists by hypothesis)— K, then (by 
Theorem 22) every element of Ac< K and also smce K < eveiy element 
of A, KeA;, hence A^ is the principal /i-ideal defined by K Conversely, 
if Ac IS principal {say (A:)} then since K < every element of A and since 
every element of A^ (in other words every element < every element of A) 
<K, K satisfies def 10 of ‘ product of all elements of A * Hence A is 
convergent. 

(li) Since A is a convergent a-ideal, by def 10 the product (ITA) of 
all elements of A exist, and because B is a boolean algebra (according to 
the remark made at the end of Theorem 10), Ea’ exists and = (Hay, hence 
A is convergent Conversely, if A be assumed to be convergent so that 
Sa exists, then (by the above-mentioned theorem), Ha’ exists and = (Ea)' , 
therefore A is convergent 

(ill) If A IS convergent, then [by (ii)J A is convergent and hence A' =(A), 
is principal [by (i)] , conversely, if A' is principal, i e , (by Theorem 24) 

IS principal, then Ae is principal [by cor (ii). Theorem 18] and hence A is 
convergent 

(iv) and (v) Since (by corollary of theorem 25) A" is the compnncipal 
envelope of A, we have only to show that if A is convergent, A' is principal 
and vice versa This is immediately seen, for if A is convergent, then 
[from (iii)J A' is principal and therefore A' is pnncipal Conversely, if 
A' IS principal, then A'(=A"') is principal and hence [from (lu)], A is 
convergent 

(vi) Let A'+ D' = (A'D)' for all D, to show A is convergent Now 
(by Theorem 17) A' -f D' = (AD)' ^ (A' + O')' so that A'-l-D' is normal 
for all normal ideals D' Hence (by Theorem 28) A' is pnncipal so that 
[by (lii)] A is convergent Conversely, if A is convergent, then since A' is 
principal and D' normal, (by Theorem 28) A' + D' is normal for all D' 
whence A' + D' « (A' -I- D')* « (AD)' 

(vii) Given A to be convergent, we have to show A'-l- D**"- (A-f D)' 
for idl D. 

Now, since A is convergent. A', A" are [by (iii) and (iv)J principal. 
Hence since D* is normal (by Theorem 28), A*4- D* is normal for all D, 
i.e, A'+D'-(A'-HDO*-(A'"D'")'«(A'D')'-(A-|-D)*[by def 6. by 
Theorem 24, cor. (li), by Theorem 24, cor (ii) respectively] 

Conversdy, if A*+ D'— (A+ D)' for all D, to prove A is convergent 
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Now, as before (A+Dr=(A' DT = (A"'-D''')'=.(A'+ DT wtiiat 
we have (A''+ D')- (A*+ D*)* whence A'+ D' is normal for all D, and 
since D* is normal (by Theorem 28), A* is principal, i.e , A is convergmt 
Theorem 30 If A, D are convergent, then A + D, A- Dare convergent 
For, since A, D are convergent [by Theorem 29 (iii)]. A', D' arc pnn- 
cipal. Now m order to prove A+ D, A D arc convergent, we have to show 
(A+D)', (A D)' are principal, which is immediately seen, for by (vi), 
(A D)'-= (A'+ D') which is principal (since A', D' arc pnncipal), and agam 
[by Theorem 24, cor (ii)], (A+ D)'- A' D' which is also pnncipal Hence 
the theorem 

Theorem 31 If A + D is principal, A'D is convergent, then A, D are 
convergent 

Proof. For, a principal ideal contains the compnncipal envelope of 
any ideal which it contains, hence since A+ D is pnmiipal it follows (by 
corollary of Theorem 25) that A+ D> A', A+D>D' so that A+D 
> A''+ D* But since A'> A, D'> D we have A''+ D‘'> A+ D Hence, 

A''+D"'^A+D=a pnncipal ideal (1) 

But since (by hypothesis) A D is convergent, (A D)' is [by Theorem 
29(iii)J principal, and (A’D)'- (A' D*)' (A*TD')^ (by theorems 17, 24 
respectively) so that (X* D'jg is principal Therefore, since if the boolean- 
complement of an ideal is principal the ideal itself is principal, it follows 
that (A^'D^c 19 pnncipal But since A* D* is normal, it is conqmncipal 
(by Theorem 25) and also, if the cut-complement of a comprincipal idi»l 
X IS pnncipal then [from Theorem 22, cor (ii)] X itself is principal, t.e , 
A* D* IS principal (2) 

Therefore from (1) and (2) by Theorem 21, we obtain A*, D' to be 
principal and hence [by Theorem 29 (ii)] A, D are convergent 
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